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ABSTRACT 
____________________________________________________________________ 
 
Pt Nanophase supported catalysts and electrode systems for water electrolysis 
L.F. Petrik 
PhD Thesis  
Department of Chemistry 
 University of the Western Cape 
 
In this study novel composite electrodes were developed, in which the catalytic 
components were deposited in nanoparticulate form. The efficiency of the nanophase 
catalysts and membrane electrodes were tested in an important electrocatalytic 
process, namely hydrogen production by water electrolysis, for renewable energy 
systems.  The activity of electrocatalytic nanostructured electrodes for hydrogen 
production by water electrolysis were compared with that of more conventional 
electrodes. Development of the methodology of preparing nanophase materials in a 
rapid, efficient and simple manner was investigated for potential application at 
industrial scale. Comparisons with industry standards were performed and electrodes 
with incorporated nanophases were characterized and evaluated for activity and 
durability.  
 
A CVD technique using LPG as a carbon source, pyrolized upon a mesoporous Si 
matrix, HMS, produced nanostructured ordered mesoporous carbon (OMC) with 
graphitic character after removing the Si matrix. This OMC is useful as a conductive 
three dimensional porous support for catalytic nanophase Pt metals.  Processes to 
incorporate active nanophase Pt metal electro catalysts into microporous FAU, and 
mesoporous HMS or MCM-41 supports were developed.  The influence of the nature 
and porosity of the catalyst support upon activity for hydrogen production by water 
electrolysis was demonstrated with Pt FAU< PtHMS=PtMCM-41.  
 
 iv
Methods for preparing active nanophase Pt electro catalysts on CNT or CNT paper 
substrates were developed. Deposition of Pt on CNT paper by a simple galvanic 
displacement technique formed a new, highly conductive and active Pt containing gas 
diffusion electrode, eliminating the extensive processing required to prepare 
composite gas diffusion electrodes (GDE).  It was found that the reduction potential 
of the sacrificial anode (Al, Fe, Pb foils) did not correlate with Pt deposition rate but 
bimetallic systems were controlled by deposition time. The new electro catalysts were 
compared to an industry standard commercial Pt catalyst stabilized on Vulcan carbon 
black for electro activity and the overpotential of hydrogen evolution occurred at 
similar or lower overpotential than the commercial electrocatalyst. 
 
 The sequential deposition method was developed to incorporate 3-dimensional 
supported nanophase catalytic materials, Pt-FAU, Au–HMS, Pt- HMS and Pt MCM-
41 into composite GDE, and it was shown that such electrodes could achieve current 
densities of ~650mA cm-2 at 60 °C and an applied potential of -2 V in an alkaline 
electrolyzer and electrodes were durable. It was found that nanophase Sb/SnO, a non 
noble metal oxide nano particulate could also be applied as electrocatalyst for 
hydrogen production. 
 
Optimization of the catalyst-containing ink formulation and ink deposition by 
screenprinting produced homogeneous and well dispersed layers of 0.001 - 0.0015 g 
cm-2 of electrocatalyst per unit area of substrate.  The morphology of the 
screenprinted film was strongly affected by the ink formulation. Reversible 
viscoelastic behaviour of inks correlated with good print quality, which also was 
affected by the polarity and viscosity of the solvent, the printed layer thickness, and 
the nature as well as the surface energy of the substrate. Hence, no matter how active 
the electrocatalyst, if the catalyst containing film on the GDE substrate is 
substandard, resistance will be high and electroactivity low. 
 
A paper substrate method was developed to evaluate the electronic characteristics of 
catalyst containing films separately from the GDL substrate using Variable Field Hall 
 v
measurements. It was found that improving the film morphology reduced the positive 
Sheet Hall Coefficient significantly and promoted n-type rather than p-type carriers. 
On the contrary, n-type carrier CNT paper with low resistance and high carrier 
density switched to a p-type carrier upon deposition of Pt by galvanic displacement.  
 
Technological improvement of membrane electrode assemblies applicable in a solid 
polymer electrolyte electrolyzer showed that Bekinit Titanium fibre substrate was the 
most promising anodic GDL catalyst support, and hydrophilic Lydall carbon cloth 
(6100-300 and 6100-200) was suitable as cathode GDL. A cathode loading of 1 mg 
cm-2 Pt/C and anode loading of 6 mg cm-2 IrO2 was found to be the optimum catalyst 
loading using commercial catalysts. The Nafion®115 membrane proved to be the best 
ionomer membrane. High output (current density of 1.33 A cm-2 at 97 oC and -1.7 V) 
was realized when system parameters such as operational temperature, water flow 
rate, moisturization time, current collector clamping pressure, insulation and low 
resistance electrical leads were optimized.  
 
May, 2008 
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1. Introduction and overview 
 
The dissertation addresses supported nanophase electrocatalysts and electrode 
systems for the process of water electrolysis. South Africa, the main supplier of PGM 
metal, stands to benefit from diversification of Pt containing materials and developed 
capabilities in the emerging hydrogen economy. When hydrogen production cost can 
be reduced and the output increased, a viable hydrogen economy may be realized. 
The purpose of this study was the development of nanophase PGM electrocatalysts 
based on high surface area supports and their application in composite gas diffusion 
electrodes, for improving the efficiency of hydrogen generation by water electrolysis 
through reduction of the overvoltage of electrolyzer systems.  
 
This chapter introduces the dissertation topic and specifies the main perspective, from 
which the topic was researched, and the rationale and motivation of the study. The 
main research questions and problem statements are set out and the research 
framework and the refinement of research are presented. The research approach and 
design and the methodology that was used is then described. The scope and 
delimitations of the research are presented. The dissertation outline is finally given in 
this chapter with an overview of the structure of the dissertation showing how the 
dissertation will unfold and describing the main topics of each chapter of the 
dissertation. The citations list presented in Chapter 8 gives details of the publications 
resulting from this study. 
 
1.1. DISSERTATION TOPIC AND MAIN PERSPECTIVE  
  
Global energy consumption is expected to increase very significantly in the next 
decades, driven by rising standards of living and a growing population worldwide. 
The increased need for energy will require vast growth in energy generation capacity, 
secure and diversified energy sources, and a successful strategy to reduce greenhouse 
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gas emissions. Various alternative energy strategies are being considered, and 
building an energy infrastructure that uses hydrogen - the third most abundant 
element on the earth’s surface - as the primary carrier may enable a secure and clean 
energy future (WE-NET report, 1998). 
 
Hydrogen is an attractive energy carrier for its high energy/weight ratio.  Hydrogen 
can be produced from most energy sources such as thermo chemical processing of 
primary energy sources such as coal, natural gas or oil; from renewables such as 
methanol or biomass; or by generation via water electrolysis. Electricity can also be 
derived from renewable sources such as wind power, or photovoltaic systems, or by 
using off peak electricity.  Hydrogen as fuel promotes diversification of energy 
supply thus ensuring energy security, sustainability, flexibility and efficiency. Energy 
supply systems of the future could combine the production of electricity, heat and 
hydrogen as a transport fuel with high efficiency. Such systems should be robust, 
affordable and environmentally benign (Parfit, 2005).  
 
When hydrogen is generated using renewable energy sources and then used as fuel in 
a fuel cell, the energy released during the oxidation of hydrogen can be captured in 
the form of electrical energy. Since water is the only reaction product in a fuel cell, 
the environmental impact of the energy generating device using hydrogen as fuel is 
minimal. This approach to generating electricity, which is part of the hydrogen 
economy, is already accepted as a key element in the future demand for electrical 
energy, and will be essential for many countries that need to increase or maintain 
economic growth but simultaneously need to minimize environmental pollution 
(Sørenson et al., 2004). 
 
Water electrolysis as an approach to generating hydrogen for power forms the topic 
of this dissertation.  Hydrogen production using water electrolysis is still expensive 
compared to the other routes mentioned, but as the oil price rises and research 
progressively increases the output and reduces the cost of hydrogen production, the 
realization of an economically feasible hydrogen economy may be within reach. The 
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ultimate aim is a hydrogen-based economy driven by renewable and carbon-neutral 
energy sources.  
 
However, cost effective hydrogen production from water remains difficult and 
technologies for generating hydrogen from biomass, such as enzymatic 
decomposition of sugars, steam-reforming of bio-oils and gasification, suffer from 
low hydrogen production rates or complex processing requirements as well as 
engender significant environmental costs (Nordstrom, 2002). For instance, in a recent 
press release (Stoltenberg, 2008), it was revealed that Secunda, the largest H2 
producer via coal gasification in South Africa, is also the largest single point source 
CO2 emitter in the southern hemisphere. 
 
In order for South Africa to be internationally competitive in the energy arena, it 
needs to be in touch with the emerging technology of the developed countries. For 
South Africa to participate as a partner in the new US and worldwide hydrogen 
economy development and not become an economic hostage, capability is essential in 
the following aspects of a hydrogen economy: hydrogen production; purification and 
storage; control systems; infrastructure and delivery; conversion of hydrogen into 
useful energy; end use applications; codes and standards; manpower development and 
scarce skills; environmental compliance etc..  
 
The topic of the dissertation is focussed exclusively upon hydrogen production by 
water electrolysis. The other aspects of the hydrogen economy as mentioned above, 
fall outside the scope of this study. This dissertation specifically addresses the 
optimization of hydrogen production by water electrolysis using nanophase materials, 
as one approach to reduce the cost of hydrogen. The emphasis of the dissertation is on 
preparing and incorporating nanophase materials into electrodes for electrolyzer 
systems applied in hydrogen production. 
 
1.2. RATIONALE AND MOTIVATION 
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Despite significant advancements and commitment of resources by technology 
providers, end-users and international governments, projections are that extensive use 
of hydrogen as fuel for fuel cell vehicles is ten years away at best. Hydrogen is a high 
cost fuel and the price should be reduced for successful commercialization to be 
achieved.  Most major countries have investment and commercialization strategies 
aimed at enabling the development of relevant technologies that will advance the 
move to a hydrogen economy.   
 
In the light of huge international R & D spending in the hydrogen economy and also 
nanotechnology, the Department of Science and Technology (DST) of South Africa 
has recently investigated the necessity of strategic planning and funding in these 
areas. The author of this dissertation was closely involved with and co-authored the 
development of appropriate strategies for South Africa in these key areas and in 
preparing the government commissioned baseline studies (Benson et al., 2005).  
 
It is in this regard that this topic is addressed in the dissertation.  The goal of this 
effort is a contribution to catalyze the development of South Africa’s capabilities and 
roles in this emerging hydrogen economy. Reducing our dependency on imported 
hydrocarbon fuels by moving to a fuel such as hydrogen may be of significant 
advantage to the South African economy, if hydrogen is prepared from water.  
 
In relation to the key areas specified above, the dissertation specifically addresses the 
issue of the development, or application and integration of nanophase electrocatalysts 
in electrochemical systems for the production of hydrogen via water electrolysis. 
 
Nanotechnology can be used to reduce noble metal content and thus capital costs, and 
also improve efficiency of hydrogen generation systems such as alkaline flow cells as 
well as solid state polymer electrolyte membrane (PEM) electrolyzers. This is 
possible by, for instance, the development of novel nanophase containing electrode 
materials that replace the existing commercially available electrodes or 
electrocatalysts which are required for such hydrogen production systems. In the case 
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where noble metals and non-noble metal oxides are used as electrocatalysts for 
cathodes and anodes, the development of efficient nanosized catalysts are of great 
industrial interest. However, many challenges remain before nanomaterials are fully 
integrated into viable applications and processes. The relevant fundamental chemistry 
for their synthesis and manipulation is still limiting in order to develop technically 
feasible materials and devices.  
 
Although nanostructured catalytic materials have received attention from both 
theoretical and experimental standpoints, the greatest challenge at present is to find 
effective low cost synthesis procedures for specific applications. Simple and reliable 
methods for exploration and characterization of the physical-chemical, mechanical 
and electrical properties of nanosized particles are required and dependable 
evaluation methods of their application in catalysis and zero-emission technologies. It 
is important to gain an understanding of the influence of size and microstructure on 
the physical, chemical and mechanical properties of nanoparticulates so that new 
types of nanosized materials can be developed that will possess enhanced properties. 
Furthermore design of the working laboratory modules incorporating nanomaterials 
that can be scaled up to industrial applications is necessary. Considering diverse 
aspects of assembly for integration into workable units is essential so that it becomes 
possible to evaluate requirements for large-scale applications. Comparison with 
existing technologies is important for viable applications of nanophase materials in 
energy generation, and fuel production. Currently the challenge is to develop 
hydrogen generation systems that overcome current price constraints, due to low cell 
efficiencies and high cost of components. 
 
All these different aspects should be explored prior to expecting successful 
commercialization, and the dissertation addressed aspects of these challenges. 
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1.3. RESEARCH APPROACH  
 
Electrochemical hydrogen generation systems include aqueous alkaline flow cells as 
well as solid state electrolyzers that are based on reverse fuel cell systems called 
Proton Exchange Membrane (PEM) electrolysis units (otherwise known as solid 
polymer electrolyte (SPE) electrolyzers), making possible clean hydrogen production 
by low conductivity water electrolysis.  The main requirements in efficient hydrogen 
generation on a large scale are the supporting electrolyte, low cost, stable, large 
surface area electrodes, high current densities and product separation from the 
electrolyte.  
 
The electrical cost involved in the hydrogen production process is mainly a function 
of the cell potential. It is therefore important that research should be focused on 
minimization of the required cell potential. This is mainly determined by the 
electrode material and the current density. The cell resistance (R) depends on cell 
design and on the temperature, type and concentration of the electrolyte. For a 
conventional alkaline electrolysis cell the optimum (=minimum) resistance is 0.2 to 
0.4 Ohm and cannot be decreased any further unless a solid electrolyte system is 
adopted. Electrode development for such systems should optimize the charge transfer 
resistance of both anode and cathode which could be achieved by application of 
advanced nanophase materials. The electrodes must eventually be integrated with the 
nanophase electrocatalyst in such a system. The catalyst may be located on the 
electrodes where it is exposed to the electrolyte containing environment or presented 
as modified composite nanostructured electrodes in solid polymer electrolyte (SPE) 
systems. 
 
In recent years electro membrane reactors such as solid polymer electrolyte (SPE) 
based electrolyzer technologies have been developed where composite membranes 
are used as supports for nanophase catalytic electrodes. In these reactors the 
membrane plays several parts, namely being an electrode, a dosing device and a 
separation device. The membrane electrodes possess significant advantages compared 
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to conventional electrosynthesis systems namely higher catalytic activity thus lower 
overpotential and improved selectivity. However, SPE based electrolyzer 
technologies suffer from the high cost of the electrocatalysts and membranes and 
non-SPE based electrolyzer technologies have the problem of low efficiency and 
disposal of alkaline electrolytes that could cause health hazards.  Moreover, the cost 
involved in the maintenance and handling of such technologies is considered to be 
higher than the SPE-based electrolyzer technologies.  
 
Composite electrodes with multiple layers of different electrolyte materials may 
aggravate issues such as high resistivity, insulating interphases, suppression of 
interphase reactivity, as each new material introduced into such a composite may 
introduce its own set of interface problems. However, use of nano-phase composite 
catalytic electrodes in SPE systems may circumvent such disadvantages. Moreover, 
novel high surface area nano structured catalytic electrodes may find application for 
electrosynthesis. Issues such as the cell design and electrochemical reactions, catalyst 
lifetime, reaction kinetics, mass transfer processes, and heat transfer are important in 
order to optimize cell performance.  
 
Basic research that leads to innovative design of electrode materials and process 
optimization is the only way to overcome the challenges to achieve the hydrogen 
economy. 
 
1.4. SCOPE OF STUDY  
 
In this study novel composite electrodes were developed, in which the catalytic 
components was deposited in nanoparticulate form. The efficiency of the nanophase 
catalysts and membrane electrodes were tested in an important electrocatalytic 
process such as hydrogen production by water electrolysis for renewable energy 
systems.  The activity of electrocatalytic nanostructured electrodes for hydrogen 
production by water electrolysis were compared with that of more conventional 
electrodes. Development of the methodology of preparing nanophase materials in a 
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rapid, efficient and simple manner was investigated for potential future application at 
industrial scale. Comparisons with industry standards were performed and electrodes 
with incorporated nanophases were evaluated for activity and durability.  
 
The overall aim was the production according to commercially viable techniques of 
electrodes incorporating supported nano materials capable of high current densities 
with high hydrogen production capacity in comparison to existing technology, with 
optimized process applications in suitable reactors. 
 
The scope of the dissertation was thus to develop new routes to prepare nanophase 
electrocatalysts and apply nanophase electrocatalysts in composite electrode materials 
for electrolyzer systems to achieve high energy efficiency combined with a high 
production capacity at a low loading of noble metal catalyst. Methods were 
investigated for preparation nanophase electrocatalysts that can be easily upgraded to 
industrial conditions for electrocatalytic processes. Nanophase materials were then 
incorporated by various means into composite electrodes which were evaluated in 
hydrogen production by water electrolysis for stability and durability. Both aqueous 
and solid polymer electrolyte environments were evaluated, to obtain an 
understanding of the relative contribution of each variable upon the functionality of 
the system.  
 
1.5. DELIMITATION OF STUDY 
 
The study was limited to the following activities: Develop and characterize 
nanophase electrocatalysts; Improve catalytic ink formulations and methods for their 
deposition; Improve and characterize composite catalytic electrodes incorporating 
such nanophase electrocatalysts; Demonstrate stability of nanophase composite 
electrodes; Apply improved electrodes in electrosynthesis using hydrogen production 
as probe reaction; Optimize operational conditions for hydrogen production.  
Subsidiary activities aimed to: Improve the three phase interface between catalyst, 
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proton conductor and electron conductor; Improve gas diffusion layers; Improve 
membrane electrode assemblies.  
 
1.6. RESEARCH DESIGN AND REFINEMENT OF APPROACH 
 
 The detailed approach in this study was to:  
(1) Develop or apply primary nanophase electrocatalytic materials for the H2 
evolution cathode and the O2 evolution anode used in water electrolysis based upon: 
(a) nanophase noble metals, (b) nanophase metal oxides. 
(2) Find supporting methods to stabilize such nanophases by use of: (a) micro and 
mesoporous materials (b) colloidal dispersions (c) physical admixtures with 
conductive binders. Various supports suitable as substrates for stabilizing 
nanoparticles were explored, including zeolites, conductive mesoporous carbons, 
carbon nanotubes, and Vulcan carbon black. 
(3) Explore methods for incorporating such nanophase materials into composite 
membrane electrodes, including (a) incorporation into catalytic inks (b) incorporation 
into gas diffusion layers or onto proton conducting membranes. Different ink 
compositions incorporating various nanophase materials, proton and electron 
conductive phases, binders and solvents were investigated for suitability for 
composite formation on a variety of conductive substrates. Printing technologies such 
as screen printing were applied for achieving homogeneous and highly dispersed 
nanophases in stable thin films. 
(4) Develop composite nanophase electrodes that are (a) active in aqueous or solid 
polymer electrolyte systems; (b) that are durable and easily scaled up to industrial 
conditions (c) screen materials for activity and durability in high electrolyte systems. 
(5) Apply materials containing nanophases in membrane electrode assemblies that are 
(a) suitable for operation in prototype electrolyzers at bench scale installations; that 
will be tested for (b) for hydrogen production by water electrolysis.   
(6) Develop replacement gas diffusion layers applicable to membrane electrode 
assemblies. 
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(7) Optimize operational parameters in a solid polymer electrolyte (SPE)  electrolyzer 
or reverse fuel cell. 
 
Outputs envisaged included: developed novel nanostructured electrocatalytic 
materials and procedures for their manufacture; characterization of fabricated 
materials; optimized processing conditions when such materials are applied in high 
efficiency nanophase composite membrane electrodes; optimized electrocatalytic 
process conditions for hydrogen production. 
 
 
Figure 1.1 Schematic overview of scope of dissertation 
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1.7. RESEARCH HYPOTHESIS 
 
High dispersal of nanophase Pt metals in three dimensional substrates will enhance 
the process of water electrolysis. Nanoscale highly dispersed active components will 
reduce the overvoltage of electrocatalytic reactions. Composite gas diffusion 
electrode surfaces containing nanophases will result in high activity for hydrogen 
production.  Nanophase electrocatalytic materials can be incorporated into composite 
gas diffusion electrodes and maintain high catalytic activity for hydrogen production 
and high electro- and proton conductivity.  
 
Research questions included: 
i)  Can nanophase electrocatalytic Pt particulates be stabilized on micro, meso 
and macroporous supports? 
ii)  Does the porous or high surface area support substrate improve the dispersion 
of Pt nanophase electrocatalytic particulates? 
iii)  Can nanostructured electrocatalytic materials be prepared using simple 
synthesis methods? 
iv)  Which are the most suitable matrices to be used as supports for nanostructured 
electrocatalytic materials? 
v)  Can the nanophase electrocatalysts be processed into composite electrodes 
without agglomeration and with high dispersion? 
vi)  Can nanophase catalysts be processed into the form of catalytic membranes 
and membrane electrodes? 
vii) Can the characteristics of the electrocatalysts and the composite electrodes be 
determined in terms of their activity? 
viii)  How should the electrocatalytic membrane reactor be operated in order to 
achieve optimum performance of nanostructured catalytic electrodes? 
ix) Which analytical methods can be used for evaluation of characteristics of 
nanostructured catalysts and electrodes? 
x) How will nanostructured catalysts in electrodes perform in electrosynthesis 
reactions, and particularly for hydrogen production? 
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1.8. MAIN PERSPECTIVE FROM WHICH THE TOPIC WAS 
RESEARCHED 
 
 Nanofabrication methods, which are simple and have high potential for upscaling to 
industrial volume output were selected for preparation of high surface area nanophase 
electrodes.   These materials should be applicable in:  
1) Nanophase composite electrode materials for alkaline electrolyzers  
2) Nanophase composite electrode materials for SPE electrolyzers 
 
The goal was to optimize the following properties iteratively: (1) High catalytic 
activity due to high dispersion of the active components as nanophases; (2) Increased 
activity due to tailor made porous matrices impregnated with catalytic nanoclusters; 
(3) Low overpotential because nanoscale dispersed active components may reduce 
the overpotential of electrocatalytic reactions resulting in overall increase in energy 
efficiency of the process; (4) Intensification of external kinetics. The specially 
designed geometry of the electrode surface should result in enhanced transport of 
reagents and products.  (5) Commercially viable procedures for materials preparation.   
The newly developed composite, nanophase electrocatalytic materials were tested in 
small prototype electrolyzers for hydrogen production.   Thus the development of 
electrocatalysts, properties of electrodes containing the electrocatalysts and their 
application as electrodes for hydrogen evolution was investigated in this study. 
 
1.9.    METHODOLOGY  
 
Micro and mesoporous support materials were characterized to determine the phases 
present, the phase purity, the composition, the pore volume and the morphology.  
Supported catalytic nanoparticles were prepared on these substrates and 
characterized, then incorporated in composite electrodes. Fabricated electrodes 
containing nanophases were characterized in terms of homogeneity, dispersion of the 
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active metal and activity, and were tested in electrolysis of water. Each of these 
aspects is presented in different chapters.  
 
Various techniques are useful for the characterization/identification of nanophase 
materials as well as prepared composite membranes which may include the following 
methods (Petrik 2002; Williams et al. 2008). The methods used for characterization 
are described in Section 3.3.5 and in each specific chapter as necessary. Particle size, 
particle size distribution, metal surface area, and metal dispersion/agglomeration can 
be established by scanning and transmission electron microscopy (SEM/TEM). 
Surface micro- and macrostructure, and degree of agglomeration can be determined 
by High-Resolution Scanning Electron Microscopy (HRSEM). Fourier transform 
Infra red (FTIR) gives information of structural configuration. X-ray diffractometry 
(XRD) gives information about crystal/atomic structure and phase identity and purity.  
Qualitative crystallinity and crystal symmetry can be determined by Selected Area 
Electron Diffraction (SAED). Volatile and template content as well as thermal 
stability is determined with Thermogravimetry (TGA) and surface oxidized or 
reducible species (metal chemical state) can be analyzed using Temperature-
Programmed Reduction (TPR). Composition can be quantitatively determined by 
elemental analysis using atomic adsorption spectroscopy (AAS), Ion Coupled Plasma 
(ICP), X-ray Fluorescence spectroscopy (XRF) or qualitatively by using energy 
dispersive analysis (EDS). Aggregate size and aggregate size distribution can be 
determined by Non-Invasive Beam Scattering (NIBS). Total surface area, pore size 
distribution and porosity can be determined by N2 adsorption/desorption at -196 ºC 
(77 K) (N2BET). Electrochemical properties can be determined using cyclic 
voltammetry or square wave voltammetry using a potentiostat/galvanostat. Elemental 
mapping was determined by proton Induced X-ray emission (PIXE). Electrical 
characteristics of samples were determined by Hall measurements, which will be 
fully described in Chapter 6.  
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1.10. STRUCTURE OF THESIS  
 
Each chapter opens with an overview of the literature related to the specific topic 
covered in that chapter, followed by an experimental section, results and discussion 
section and a concluding section. The unfolding sequence of the dissertation in 
separate chapters hereafter is as follows: Background overview of the hydrogen 
economy; Catalyst support types (micro- and mesoporous silica vs carbon substrates); 
Preparation of nanophase electrocatalysts; Methods for fabrication of composite 
electrodes; Optimization of electrodes including finding suitable gas diffusion layers 
(GDL) and stability testing; Screenprinitng and testing of catalytic layers on 
substrates; Optimizing membrane electrode assemblies (MEA) and an SPE 
electrolyzer cell.    
 
CHAPTER 1 
This Chapter has introduced the dissertation topic.  
 
CHAPTER 2 
In Chapter 2 an overview of the hydrogen economy and background information is 
presented.      
 
CHAPTER 3 
In Chapter 3 after an overview of the substrate support types, the preparation and 
characterization of nanostructured porous template matrices that were used as 
supports or sacrificial templates with precise parameters is described. The details of 
preparation and characterization of micro, meso and macro porous supports are then 
described. High silica micro and mesoporous matrixes were used as supports or as 
sacrificial templates for preparation of carbon analogues. This included preparation of 
zeolites and mesoporous materials with angstrom or nanosized pores respectively as 
supports for electrocatalysts. Deposition of carbon into the pore volume of such 
sacrificial matrixes was followed by pyrolysis of the carbonaceous materials and 
subsequent dissolution of the silica matrix resulting in an ordered mesoporous carbon 
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(OMC) analogue. Alternatively the carbonization of the electrocatalyst could be 
achieved by sputter coating or pyrolysis of LPG.  
 
CHAPTER 4 
Chapter 4 details the stabilization of nanophases of Pt on macroporous supports 
(CNT). A review of various approaches is firstly presented. Various routes of Pt 
deposition on CNT and CNT paper including a galvanic displacement technique 
using Al, Pb and Fe foils are developed. Characterization of the electrochemical 
activity of the most promising CNT supported nanophase electrocatalysts was 
performed with cyclic voltammetry. A state of the art, highly active, commercial 
carbon black supported Pt catalyst with a 40% loading of Pt, that was purchased from 
a well-known company was characterized and used in subsequent chapters as 
baseline comparison.  
 
CHAPTER 5 
In Chapter 5 the development, characterization and application of noble metal 
nanophase electrocatalysts supported on microporous (FAU), mesoporous (HMS, 
MCM-41) is described. Various nanoparticle fabrication techniques for nanometal 
deposition and reduction on these Si based porous supports are developed. The 
catalysts are processed into composite nanophase containing electrode materials 
suitable to aqueous alkaline electrolyzer systems. A review of the methods used to 
prepare such electrodes is presented. The characteristics of composite electrodes 
manufactured via brush coating, casting, hot pressing, and spray coating are evaluated 
for durability and stability in an aqueous alkaline environment. 
 
CHAPTER 6 
In Chapter 6 ink formulations containing the benchmark commercial electrocatalyst 
were developed and used to prepare composite electrodes suitable for SPE 
electrolyzers. The characteristics of the catalyst containing film or layer on composite 
electrodes manufactured via screen printing are evaluated. Homogeneity and 
reproducibility are key issues in preparing larger scale composite electrodes 
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supporting a catalytic layer, and various preparation techniques may produce 
materials with different surface dispersion that may have an effect upon properties 
such as stability, lifetime and activity.  Characterization of composite nanophase 
materials was performed by Scanning Electrochemical Microscopy and Proton 
induced X-Ray emission spectroscopy (PIXE) for elemental mapping to ascertain the 
ability to obtain the required composition, dispersion, homogeneity, and also the 
details such as defects, concentration gradients, etc, in composite materials. 
Resistivity, IV characteristics, Hall sheet carrier density, Hall mobility of electrodes 
was performed using a Hall measurement system. 
 
CHAPTER 7 
Chapter 7 describes the optimization of a Membrane Electrode Assembly (MEA) for 
the SPE system using benchmark commercial Pt and Ir electrocatalysts. A review of 
components and conditions of assembly for these systems is presented. Optimization 
included selection of the most suitable prototype designs, electrodes, diaphragms or 
membrane materials, catalysts, backing layers for cathode and anode, MEA assembly 
conditions and bench scale prototype development. The MEA with the most 
successful performance (Pt-C cathode and IrO2 anode) was reproduced and subjected 
to long term polarization tests whereby the output current was a measure of the 
electrode stability. Many variables that may influence the observed activity for 
hydrogen production were optimized.  
 
CHAPTER 8 
Finally, in Chapter 8, the overall conclusions are presented and the recommendations 
for future studies are made. The citations list of the outputs from this study appears in 
Chapter 8. The last chapter is followed by all the references for each Chapter that 
have been consolidated into one alphabetical list.  
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2. LITERATURE REVIEW 
 
The literature review presented in this chapter informed and defined the thesis topic 
and main perspective, rationale and motivation, research approach and scope of study 
as well as the delimitation of the study, as was presented in Chapter 1. The research 
design and refinement of approach and research hypothesis as well as the 
delimitations of the research and the main perspective from which the topic was 
researched were also developed from the perspective gained from the literature 
review.  
 2.1 BACKGROUND  
 
Worldwide, large investments are being made into the hydrogen economy because of 
the likelihood that the world oil supply will decline within the next 10 to 15 years, 
and that a gap will develop between the demand and supply, which will lead to cost 
increases and possible shortages of oil.  The energy security of oil importing 
countries that are increasingly dependent on imports is becoming an issue. 
Fluctuating fossil fuel prices may further compound the issue of energy security. 
South Africa currently imports about 65 % of its liquid fuel needs and the United 
States of America about 55 %. These figures are likely to increase. There is also 
growing concern about air pollution in especially the highly populated cities of the 
world, and about the effect of greenhouse gas emissions on global warming. Policies 
such as the Kyoto protocol are being implemented widely. South Africa is a signatory 
and will in future have to abide by these regulations to mitigate global warming. 
Depletion of natural resources is a further concern.  Moreover it is difficult to store 
energy from renewable resources. Hydrogen together with fuel cell technology are 
one of only a few comprehensive long-term, sustainable solutions to the reduction of 
the greenhouse gas emissions and pollution from the transportation and fossil fuel 
based industrial sector. There are significant economic benefits for countries and 
companies that succeed in the field of hydrogen and fuel cell technology.  Currently 
there is already a market demand for high end users and niche applications such as 
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space and military applications of hydrogen as fuel. Hydrogen as fuel source can 
contribute to solving the potable water crises as hydrogen production requires less 
water than is used in the production of hydrocarbon based fuels, resulting in 
significantly fewer negative environmental impacts on water systems, and its use as 
fuel to drive a polymer electrolyte membrane (PEM) fuel cell system for energy 
production produces clean water as a product (Benson et al., 2004).  
 
 
Figure 2.1 Schematic of Hydrogen Economy infrastructure (Kato et al., 2005).  
 
The potential market for fuel cells and their related products is enormous with the 
global demand projected to reach $46 billion by 2011 and the potential for 2021 
could exceed $2.6 trillion. In the hydrogen economy fitness of fuel cell technology 
and the supporting / peripheral (balance of plant) technologies will require 
development of innovative systems for competitiveness. Chief amongst these are 
innovation in fuel cells, hydrogen production and storage. Future product 
development would require techno-economic studies, techno-transfer, scale up, pilot 
studies and other issues such as venture capital and commercial partnerships. All 
these different aspects should be explored prior to expecting successful 
commercialization of hydrogen driven fuel cells (Benson et al., 2004). 
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It should be kept in mind that hydrogen is not truly a source of energy because it is 
mainly bonded in the form of water and requires more energy to liberate than it 
provides. Therefore to be non-polluting, the energy used to liberate or produce 
hydrogen should not be carbon based, thus should be derived from renewable sources 
such as wind or solar energy (Parfit, 2005).   
 
 2.2 GLOBAL PERSPECTIVE 
 
It is estimated that the world currently uses 320 billion kilowatt-hours of energy a day 
and with development and growth this figure is projected to rise three-fold within the 
next century. Maturing global efforts for a wholesale conversion to hydrogen as fuel 
reflect a growing awareness of the many efficient, environmentally sound, and lower 
cost methods available today to produce and store hydrogen.  Hydrogen is seen 
worldwide as the clean fuel of the future. Most of the major countries of the world 
have initiated coordinated investment and commercialisation strategies in the field of 
hydrogen and fuel cells, e.g. The United States of America, Canada, Japan, The 
European Union and Australia (Parfit, 2005).   
 
In a July 8, 2005 memo entitled, "FY 2007” of the USA Administration Research and 
Development Budget Priorities Office of Science and Technology, from Policy 
Director, John Marburger and Office of Management and Budget Director, Joshua 
Bolten provided six pages of guidance to the heads of executive departments and 
agencies describing six "Interagency R&D Priorities"; and also "General R&D 
Program Guidance" and "R&D Investment Criteria." (Marburger et al., 2007). The 
following extract is noteworthy:  
"In support of the President's Hydrogen Fuel Initiative, agency efforts should address 
the critical technology barriers of on-board hydrogen storage density, hydrogen 
production cost, and fuel cell cost, as well as distributed production and delivery 
systems. R&D should focus on novel materials for fuel cells and hydrogen storage 
(including nanostructured materials), durable and inexpensive catalysts, and hydrogen 
production from renewable energy, …and electrochemical processes…"   
CHAPTER 2 
___________________________________________ 
 20
 
In addition to nationally coordinated plans, the United States of America has taken 
the lead to organize and implement international collaboration by forming the 
International Partnership for the Hydrogen Economy (IPHE).  The terms of reference 
of the IPHE was signed by senior representatives of 16 countries on 20 November 
2003. These countries are: The United States of America, Australia, Brazil, Canada, 
China, the European Commission, France, Germany, Iceland, India, Italy, Japan, 
Norway, Korea, the Russian Federation and the United Kingdom. 
 
Internationally, the hydrogen economy, together with fuel cell technology, is 
receiving significant support and global investments are estimated to be in the region 
of US$3 billion per year. For instance, government funding in Japan totals about 
US$400 million, in the USA about US$500 million, in the EU about US$800 million, 
in Brazil a part of US$200 million, in Canada about US$50 million and in South 
Korea about US$50 million. In addition to this, there are substantial private sector 
investments. In the EU a consortium of 30 participants is working on the Cute (Clean 
Urban Transport for Europe) demonstration project to put into service a fleet of 27 
clean and silent hydrogen buses on public transport networks in nine EU cities. Test 
buses are already operating in Porto, Madrid, Stockholm, Stuttgart and London.  It is 
envisaged that eventually decentralized hydrogen production would make possible 
the fuelling of a car before it leaves the garage of a residential unit. Hycom projects, 
supported by the FP6, aimed at the development of a number of “hydrogen villages” 
demonstrating the concept are being planned. Moreover, two electrolysis pilot plants 
supplied by wind power are currently at the testing stage, in Greece and the Canary 
Islands, as part of an European project to demonstrate a reliable capacity for 
hydrogen production  (HyWeb Gazette, 2008). 
 
Recently, hydrogen production technologies have seen important improvements 
(Manitoba Hydrogen Steering Committee and Working Group, 2003).  International 
research has mainly focused upon replacement technology for petroleum and the 
internal combustion engine in motor vehicles. Hydrogen fed fuel cells were already 
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used in the 1960`s in the Gemini aerospace program of NASA (United States). 
Although hydrogen fed fuel cells were used since the 1960`s for aerospace and 
military applications, the cost was a strong impediment for broader applications. With 
advances in the field, there are now several hydrogen vehicles in production, 
including those manufactured by the Hydrogen Car Company and Stuart Energy, and 
automobile manufacturers such as Mercedes, BMW, GM, and Ford. Moreover, fleet 
owners in the USA, are currently test driving hydrogen fuel cell vehicles and plan to 
replace some medium-duty vehicles in the short term and their entire fleets by 2014 
(Benson et al., 2004).  
 
It is important to identify the most promising hydrogen production methods that 
incorporate other forms of renewable energy. The USA DOE Hydrogen Program FY 
2005 in its progress report on a low-cost, high-pressure hydrogen generator had as a 
target the development of a 1,500 kg per day hydrogen refueling station by 2010. 
Their intent was to develop and demonstrate a low-cost, high-pressure water 
electrolyzer system for hydrogen production and eliminate the need for mechanical 
hydrogen compression while increasing electrolyzer hydrogen discharge pressure to 
5,000 psig.  The goal of the DOE project was to reduce the cost of the stack and 
system to provide a cost-efficient reliable system for generating high-pressure 
hydrogen. To increase the hydrogen production pressure alternative materials and 
designs were evaluated for end-plates, internal cell components that support the 
membrane, and cell frames that provide sealing. To reduce cost, replacements for the 
expensive cell supports/current collectors were developed. Advances in materials and 
fabrication allowed the parts in electrolyzer cells to be decreased. Improving 
electrolyzer electrochemical performance reduced costs by decreasing the number of 
cells required to produce a given quantity of hydrogen, while maintaining efficiency. 
Performance was improved through use of thinner, less resistive membranes and 
advanced lower-cost catalysts and electrode structures. The operating life of thin 
membranes was a concern, particularly at the high differential pressures of operation 
but it was found that Nafion 115 membrane performance was stable over 2280 h. The 
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DOE project did not focus specifically upon the development of nanophase electrodes 
for achieving higher efficiencies (Norman and Schmitt, 2004).   
 
Internationally, the recent escalation of gas prices and global instability has had the 
result that support of an alternative energy source such as hydrogen has increased, 
even though that may cost more initially. Europe and Asia have been pursuing 
environmentally friendly energy alternatives for years, whereas the USA has 
consistently moved toward higher energy consumption, for instance, by preferring 
larger vehicles that have high fuel consumption. The dependence of the United States 
on imported oil is today much higher than in the late 1970s (about 53% vs. 45%).  
The growing dependence on imported oil of the USA, has a direct effect on the 
economic stability of the rest of the world.  This trend may finally be changing as 
negative aspects such as dependency on foreign oil, global warming, urban pollution, 
and acid rain become more apparent (Benson et al., 2004).  
 
 2.3 SOUTH AFRICAN PERSPECTIVE 
 
In South Africa there is a strong need for distributed (off-grid) power supply and for 
load levelling and energy storage of excess off peak electricity. Moving electricity for 
long distances in South Africa requires balancing the energy system and there is a 
loss of energy when supplied over long distances. Energy levels have to be modulated 
according to use and it is necessary to create a range of options for supplying 
electricity to any one point of use. South Africa's high altitude, heat and tendency for 
lightening and fires provide further challenges. It is costly, wasteful and technically 
problematic to keep the system at full capacity constantly because demand for 
electricity fluctuates during the course of the day and over the seasons of the year. 
Different types of generation are necessary such as a base load, a mid-range that is 
provided at certain times and then short-lived spikes of high demand. Base load 
demand has risen significantly over the last few years in South Africa and peak 
demand capacity is lacking.  Diversification of energy sources is necessary in future 
in order to make the necessary contribution to the reduction of greenhouse gases, 
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increasing costs. The current low price of electricity in South Africa and the low price 
increases up to date were due to past investment and are now at an end. Cost should 
be carried within the electricity system as it is in effect an investment in its future 
effectiveness (Erwin, 2006).  
 
Internationally there is no strong research development of stand alone power 
generation for off grid electricity supply, since power supply to remote locations is 
very much a problem for developing nations such as South Africa that do not yet 
have installed capacity for all regions. This problem could be addressed in the 
medium term by on site solar or wind powered generation and use of hydrogen as 
fuel for fuel cells powering mini- grids, neighbourhoods or households (Benson et al., 
2004). 
 
SA representative Tony Surridge of the Department of Minerals and Energy (DME) 
was invited as observer to the International Partnership for the Hydrogen Economy 
(IPHE) that was launched at an USA- EU summit and it was recommended that South 
Africa join the IPHE.  As a result of these and other networking interactions a 
stakeholder group was formed in SA called the South African Fuel Cell Initiative 
(SAFCI) which developed a hydrogen economy strategy that was published in 2006 
by the Department of Science and Technology (DST) in order to position South 
Africa as a player in the field.  The hydrogen economy as such is not currently part of 
the SA integrated energy plan. It would however fit in under the drive towards 
renewable energy sources (Benson et al., 2004).  The access to a cheap and clean fuel 
such as hydrogen is essential for a country that needs to increase or maintain 
economic growth but simultaneously needs to minimize environmental pollution.   
 
Currently, South African direct investment into the local hydrogen economy and fuel 
cell technology developments amounts to only about R5 million per year (only about 
0.03% of the global investment) but this is growing.  For South Africa to participate 
as a partner in the new US and worldwide H2 economy development and not become 
an economic hostage, capability is essential in the following key areas: H2 production 
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and storage, Pt/PGM beneficiation and application as nanophase catalysts in systems 
such as fuel cells and solid state electrolyzers, novel inorganic proton conductors 
based on nanophase metal oxides, manpower and scarce skills development, 
environmental compliance, regulatory requirements, infrastructural developments and 
governmental support in all these areas.  Future product development requires techno-
economic studies, techno-transfer, scale up, pilot studies and other issues such as 
venture capital and commercial partnerships (Benson et al, 2004). 
 
SA industry has a continuous need to stay competitive by reducing costs, increasing 
market share and developing new products. Especially in the area of high technology, 
international competition is strong. Should SA companies license international 
technology it comes at a high price. South Africa’s rich platinum reserves could assist 
to make it a key player in future energy technologies. Anglo Platinum, South Africa’s 
largest platinum producer, has plans to start investing in the development of hydrogen 
technology, and has significant holdings in Johnson Matthey (UK), one of the leading 
researchers in the platinum market and international suppliers of electrocatalysts 
(Bruce, 1996).   
 
South Africa’s main supplier of electricity, the parastatal ESKOM, has expressed its 
commitment to embracing renewable energy sources such as wind turbines, fuel cells 
and photo-voltaics as a part of its complete energy generation portfolio.  There is also 
a direct need for hydrogen within ESKOM as cooling gas for the generators/ reactors 
of the power stations.   Besides using hydrogen as cooling gas ESKOM should be in a 
position to take an active role in the energy supply of the future, locally and 
internationally.  Moreover, ESKOM has a significant need for distributed (off-grid) 
power supply and for load leveling and energy storage, which can be addressed by 
the production of hydrogen as fuel.   Therefore ESKOM has an interest in the 
hydrogen economy including hydrogen generation, distribution, storage, conversion 
to energy using fuel cells, and applications of energy devices fueled by hydrogen.  It 
is the direct availability of hydrogen for energy storage that will affect the decision of 
companies at which stage to switch their power requirements to fuel cell sources and 
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ESKOM would benefit immensely from offering a complete approach to renewable 
energy generation and distribution (G.Gericke, Eskom representative, personal 
communication). 
 
Many inhabitants of South Africa do not have direct access to electrical power.  One 
of the priorities of the Department of Trade and Industry (DTI) is to drastically 
reduce this number.  ESKOM has indicated that small scale, local generation of 
electrical energy is the only answer to this commitment of the DTI.  The technology 
competing with fuel cells in this segment of the market are solar cells and wind 
mills/turbines.  Even though these alternative energy generation devices are low 
maintenance solutions, energy storage using conventional lead acid batteries is a 
weak link.  The production of hydrogen using excess energy that cannot otherwise be 
stored can be used to ensure continued power supply and will eventually be a more 
economic solution (Yumurtaci & Bilgen, 2004).   
 
It should be noted that if hydrogen production is much cheaper when alternative 
routes such as nuclear power is used or if the steam reforming process is widely 
adopted then those processes will be used for hydrogen production.  However, for 
some situations the economic picture of the production of hydrogen is different.  First 
of all, electrolysis of water is a much simpler technology than steam reforming (or 
nuclear power) which makes water electrolysis more competitive on the small scale.  
Secondly, renewable energy sources like wind and solar energy are available almost 
everywhere in South Africa unlike natural gas or coal.  Harnessing these resources for 
small communities’ power needs would make a big difference to the quality of life of 
many people in this country.  Thirdly, electrolysis can be strongly recommended as 
an integrated technology in existing power stations for hydrogen production during 
off peak hours, when electricity is cheap (Barbir, 2005).   
 
 2.4 THE HYDROGEN ECONOMY 
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Hydrogen is one of the most important feed stock gases with an annual global 
demand of more than 1,6 trillion m3 (SHEC-labs press release, 2006). Hydrogen is 
considered as an industrial commodity in the energy using sectors. It is widely 
consumed by industries involved in ammonia production, refining and petrochemicals 
production, methanol synthesis, chemical production, paper, textiles and steel 
manufacturing, fat and oil hydration units, manufacturing of vegetable oils, float glass 
producers, electronics, and metal treatments.  Apart from the conventional uses, 
hydrogen as a fuel can be utilized as liquid hydrogen at fuelling stations for vehicles 
or as compressed hydrogen for onboard storage in vehicles. Hybrid electric vehicles 
where hydrogen is injected along with the conventional fuels to the internal 
combustion engines is seen as a relatively immediate route to diminishing emissions 
and an intermediate option prior to fully integrated hydrogen powered vehicles. 
Moreover, hydrogen as fuel would be suitable for distributed power applications for 
producing power on demand, or uninterrupted power supplies. It is also possible to 
utilize hydrogen as fuel for fuel cell energy for mobile applications replacing lap top 
batteries, mobile phone batteries and other battery powered electronic devices. 
Hydrogen has already been used as fuel for a variety of military applications (Benson 
et al, 2004).  
 
The amount of energy released during the reaction of hydrogen on a mass basis is 
approximately 2.5 times the heat of combustion of hydrocarbon fuels. Hydrogen is 
also an attractive energy carrier for its high energy/weight ratio. The energy produced 
by hydrogen per unit weight of fuel is approximately three times the amount of 
energy contained in the equivalent weight of hydrocarbon based fuel. The advantages 
of hydrogen in the pure form make hydrogen a potential alternative fuel with higher 
efficiency than that of known fuels (Frost and Sullivan, 2003; 2004).  
 
Its further value as an energy carrier, rather than as a direct fuel, is because excess 
energy can be stored in the form of hydrogen. Subsequently the stored energy is 
released during the oxidation of hydrogen in the form of electrical energy by using 
hydrogen as fuel for a fuel cell.  A fuel cell is an electrochemical system, which 
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converts chemical energy to electrical energy. A fuel cell differs from a battery in that 
fuels are continuously supplied and also the products, mainly water, are continuously 
removed. Hydrogen will be a major factor in successful fuel cell commercialization. 
The high efficiency of fuel cells makes hydrogen a cost effective, energy efficient, 
and environmentally friendly alternative to current fuels when considering the full 
lifecycle (Thomas et al., 1998).  
 
The benefit of the hydrogen production- storage- transport chain forms the basis of 
the hydrogen economy.  The pure “hydrogen economy” is the ideal situation.  
Barriers to implementing the hydrogen economy include the need to improve the 
performance of hydrogen and hydrogen related technologies in order to advance an 
economically viable hydrogen economy (Thomas et al., 1998).   
 
Hydrogen is looked upon as one of the best alternatives to fossil fuels. Burning 
hydrogen as a fuel in vehicles will reduce nitrogen oxide emissions. The combustion 
of hydrogen does not produce pollutants such as particulate matter or sulfur 
emissions. When burnt as a fuel or converted to electricity, the only by product is 
water. If hydrogen is produced using non-fossil fuels, then it is possible to reduce 
carbon dioxide and carbon monoxide emissions in the transportation sector. With no 
CO2, CO, NOx or SOx emissions from hydrogen fueled devices there will be a much 
lower release of greenhouse gases, thus there would be a negligible impact on global 
warming. Studies of the impact of hydrogen use would have on air pollution and the 
climate showed that if vehicles were powered entirely by hydrogen fuel cell 
technology, anthropogenic emissions of the ozone precursors nitrogen oxide and 
carbon monoxide could be reduced by up to 50%, but this would depend on the 
technology used to generate the hydrogen (Frost and Sullivan, 2003; 2004). Thus, the 
concept of a hydrogen-based energy and transportation system offers energy resource 
flexibility and the potential for energy independence, as well as the elimination of net 
carbon dioxide emissions.  Use of hydrogen as a fuel offers the opportunity to shift 
the energy requirements for, for instance transportation, from imported oil to diverse, 
domestically available resources. Hydrogen powered fuel cell vehicles are an 
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attractive alternative to gasoline and diesel powered automobiles as they emit only 
water with essentially no criteria pollutants. 
 
However, progress in implementation is hampered until a system of hydrogen 
production, storage, distribution and utilization is put into place with appropriate 
standards and the correct legislative environment. Despite significant advances and 
commitment of resources by technology providers, end-users and international 
governments, experts project that extensive use of hydrogen as fuel for fuel cell 
vehicles is at least ten years away. This problem could be addressed in the medium 
term by on site solar or wind-powered generation and use of hydrogen as fuel for fuel 
cells powering mini- grids, neighbourhoods or households (Benson et al, 2004).  
Barriers to the hydrogen economy include the lack of infrastructure for distribution 
and storage of hydrogen (Nielsen et al., 2004). Moreover there are significant 
challenges in meeting the present price of conventional fuels because of the cost and 
inefficiencies of current hydrogen production and storage technologies. A further 
issue is the matter of consumer perception relating to safety risks.  Codes of practice 
and the correct legislation as well as standardization and government policies would 
need to be considered as well. 
 
Hydrogen could be generated by water electrolysis using renewable energy and the 
generated hydrogen stored and later used as an input for fuel cells to generate 
electricity. Hydrogen and electricity would be generated as long as it is required by 
the applications. Large-scale stationary fuel cells fed by hydrogen would be able to 
meet the demand of delocalized industrial, agricultural, tertiary or residential users. 
Other scenarios that have been envisaged for the implementation of hydrogen as fuel 
for fuel cells include a home hydrogen refueling unit that consists of a small-scale 
electrolyzer powered by mains electricity that converts water from the domestic 
supply into a slow stream of hydrogen (Ivy, 2004). The only local emission is 
oxygen. The technology offers the prospect of car users parking at the end of the day 
and connecting their vehicles to home refueling units for a hydrogen refill overnight. 
Shell Hydrogen is exploring the potential of home hydrogen refueling as part of a 
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global hydrogen refueling infrastructure, and is participating in demonstration 
projects of hydrogen refueling stations, for instance, in Reykjavik, Iceland. Jeremy 
Bentham, chief executive officer of Shell Hydrogen said that ultimately customers 
would decide how they wanted to receive hydrogen. He noted that for widespread 
acceptance, refueling infrastructure should resemble existing infrastructure and 
foresaw that new and innovative solutions, such as home refueling, may prove 
successful with consumers. His opinion was that home refueling may be a solution 
for remote locations or regions with limited hydrogen demand. Technical problems 
such as hydrogen storage should still however, be resolved (Bentham, 2005).  
 
Hydrogen is a high cost fuel and the price should be reduced for successful 
commercialization to be achieved.  Options of generating hydrogen that are being 
explored include hydrocarbon based onboard reformers for use with fuel cells, but 
because of associated costs this is not yet feasible.  However, the requirement to 
reduce green house emissions in automobiles would in future prevent hydrogen 
generation using reforming technologies. Hydrogen gas may be formed by water 
electrolysis and this process may ultimately be used as the cleanest way of supplying 
or generating fuel in a fuel processor for fuel cell utilization, provided that the 
electricity used is generated from renewable sources such as wind and solar 
(Sørensen et al., 2004).  Water electrolysis as means of hydrogen production is a 
suitable alternative for the existing reforming technologies because of its 
environmental friendliness, and because of fluctuations in the price of natural gas or 
other conventional hydrocarbons.  
 
Emission during electrolysis when renewable energy is used to split water to 
hydrogen is virtually zero. Hydrogen is produced via electrolysis by passing 
electricity through two electrodes in water. The water molecule is split and produces 
oxygen at the anode and hydrogen at the cathode. The only requirement is that 
hydrogen should be produced in a controlled environment to minimize hazards and 
then can be used anywhere as fuel without leaving a trace of pollution (Janssen et al., 
2004).  
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Price and performance determine the market success of hydrogen. In order for 
hydrogen from water electrolysis to achieve significant market penetration and 
widespread acceptance, it must be more efficient, equally convenient, and cheaper 
than other routes to prepare hydrogen, or cheaper than other sources of fuel such as 
petroleum, or have significant environmental or logistical benefits. Off peak 
electricity prices are one way by which electrolytic hydrogen production can become 
more economical. This approach is especially important for large territory developing 
countries, like South Africa (Benson et al., 2004). 
 
Hydrogen as fuel does however, present significant challenges to commercial 
production, storage and transportation.  Although hydrogen has the highest energy 
density of known fuel, it should be stored as a compressed gas or as cryogenic liquid 
if not generated on site and used directly. Compressors have to be deployed in order 
to step up the pressure of hydrogen as hydrogen is produced at low pressure. Storing 
hydrogen in compressed gas or cryogenic liquid form requires special handling 
techniques and high safety standards. Hydrogen must be liquefied at -253 º C in order 
to store a useful amount of hydrogen particularly for vehicles, but liquefaction is 
time-consuming and energy-intensive. Using current compression or liquefaction 
technology, about 30 % to 40 % of the energy content in the hydrogen could be lost 
in the process.  Compressed hydrogen would require huge tanks for storage, which 
create space problems for onboard storage and require adequate safety standards. It is 
estimated that a hydrogen gas tank would be 3000 times bigger than a conventional 
fuel tank, to store the same energy equivalents (Frost and Sullivan, 2004).  
 
Hydrogen generation is fundamentally important for renewable power generation 
applications. Grid stability and intermittency issues limit the market for use of 
renewables such as wind and solar in the electricity market, according to US DOE’s 
National Renewable Energy Laboratory; but the addition of hydrogen could help. The 
combination of renewable technologies with hydrogen production and storage, would 
enable intermittent renewables such as wind and solar to contribute to a larger share 
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of the power production market without major upgrades to the existing grid. Because 
most sources of renewable energy are intermittent in nature (i.e. when the sun does 
not shine, or the wind does not blow, electricity from solar panels and wind turbines, 
respectively, cannot be generated), their practical use is limited unless the user is also 
connected to the electricity grid or installs large, heavy and relatively expensive 
battery backup systems. For non- grid-connected electricity supply, renewables such 
as wind and solar generation cannot produce electricity in response to demand. These 
technologies only produce when the source of energy (wind or solar) is available. 
This increases the system costs, as extra storage is necessary if renewables are the 
only source of energy (Sørensen et al., 2004).   
 
The use of water electrolysis for hydrogen generation addresses this limitation by 
enabling the production and storage of hydrogen to occur during times of excess 
electricity generation and allowing for the later generation of electricity. The 
hydrogen produced can be utilized at any given moment in a fuel cell to generate 
electrical energy or as a fuel for heating or cooking appliances. According to the IEA 
Renewable Energy paper (2002), renewable sources of power that can be applied as 
energy source for hydrogen production include hydro, geothermal, solar thermal, 
solar photovoltaics, tide, wind, renewable municipal solid waste, solid biomass and 
gases from biomass. Key issues are reliability and durability of hydrogen production 
systems and their integration with subsequent storage systems and delivery to power 
generation units such as fuel cells.   
 
Renewable energy sources by themselves do supply energy without being coupled to 
hydrogen generation systems, but have various drawbacks. Wind energy generation 
in good wind areas, is comparable to fossil fuels when economic or environmental 
costs are factored in, but is still not entirely satisfactory because of the unsightliness 
and large footprint of wind arrays for bulk power generation as well as the 
unreliability and intermittent nature of wind. Wind generators can be immobile for 
days or suddenly produce an excess of power. Wind energy which, in fact, is also 
solar energy in the form of the movement of sun- warmed air, is becoming more 
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competitive. In the EU the equivalent of 35 large coal power plants of installed wind 
generator capacity already provides about 35000 megawatts of power. Wind and solar 
systems require a way to store excess capacity and this is where hydrogen generation 
fits in. Conversion of wind energy to hydrogen demonstrates the value of hydrogen as 
an energy storage medium for excess wind power, and is a feasible example of what 
is possible in future (Parfit, 2005).   
 
Renewable energy from the sun can be captured using photo-voltaics in for instance, 
thin film solar cells. According to the IEA Renewable Energy paper (2000) the costs 
of solar based energy systems including photo-voltaics have decreased very 
significantly over the years and are now considered cost competitive for a number of 
grid-connected, building-integrated uses as well as for off-grid applications. The 
drawback is energy storage requirements, since the peak electricity demand is not 
usually during the daytime in summer. Moreover, many areas of the world do not 
receive significant solar flux during certain seasons. Solar photovoltaic arrays 
demand a large area of land which cannot always be accommodated economically. 
Solar thermal technologies are being installed widely for heating and hot water for 
residential, commercial and industrial end uses and are relatively competitive. Large 
scale solar thermal systems are not yet economically competitive for providing heat 
to produce steam for power generation.  
 
Renewable energy from the sun can be captured by using solar thermal (SOT) energy 
conversion systems. SOT collects direct solar radiation via parabolic trough mirrors 
which are then focussed on heat exchanger systems allowing the heat to be 
transferred to steam which is passed though a turbine to generate electricity. At this 
stage of development however, the costs are still considerably higher than fossil fuel 
based energy (Parfit, 2005).  Geothermal systems are used for power generation and 
space heating applications where hot water or steam resources are available at a high 
temperature and near the earth’s surface.  Ocean energy systems based upon tidal 
forces, ocean currents, wave power or thermal gradients are being explored to 
produce electricity. Hydrogen, generated from excess capacity derived from 
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renewable power, is seen as a major potential contributor to the sustainability of the 
energy sector. In the longer term, if costs can be dramatically reduced, hydrogen can 
act as the crucial storage medium and carrier of energy produced from renewables 
(IEA Renewable Energy paper, 2000).  
 
2.5 NANOTECHNOLOGY  
 
Material properties change dramatically when constructed from particles that are less 
than 100nm in size, that is, when materials are structured at the nanoscale.  Large, 
highly active catalyst surface areas with the minimal catalyst expenditure are 
obtainable using such nanophase materials. In recent years, nanostructured electrode 
materials suitable for energy devices have attracted great interests since they show 
better rate capabilities than conventional electrodes composed of the same materials. 
The high specific surface area of these materials also has significant implications with 
respect to energy storage devices based on electrochemically active sites (batteries, 
supercapacitors) and energy conversion devices (fuel cells and thermoelectric 
devices). In electrolyzer technologies significant improvements are possible using 
nanophase materials as the cost of the currently used bulk phase Pt containing 
electrocatalysts are very high(Li, et al., 2000 a&b; Spahr et al., 1999; Shen et al., 
2003; Zhou et al., 2003). 
 
Nanotechnology has been identified as a lead project in the National Advanced 
Manufacturing and Logistics Technology Strategy developed by the National 
Advisory Council on Innovation (NACI) as well as in the Advanced Materials 
Technology Strategy (AMTS) for the Department of Science and Technology (DST) 
in South Africa. In the light of huge international R & D spending in the Hydrogen 
Economy and also in Nanotechnology development, the DST has recently 
investigated the necessity of strategic planning and funding in the area of both 
nanotechnology and the hydrogen economy. The author of this thesis was closely 
involved with the development of appropriate government commissioned strategies 
for South Africa in Nanotechnology (Scriba et al., 2003) and the hydrogen economy 
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(Benson et al., 2004) and in the associated commissioned baseline studies and the 
thesis is designed specifically to address some of the components relating to 
integration of Nanotechnology in the hydrogen economy.  
 
Nanotechnology will be an integral part of manufactured goods relating to energy 
systems in future and SA will have to be a player. Already South Africa has to pay 
substantial annual technology licence fees to manufacture goods, pharmaceuticals, 
chemicals and many other products and services. Unless South Africa develops 
applications of nanotechnology in appropriate processes and products, specifically 
relating to the energy sector, future technological benefits in this field could only be 
enjoyed at great cost to our nation. Furthermore nanotechnology is an emerging 
technology and real industrial applications might only be commercialised in SA in a 
few years time, giving South Africa a window of opportunity to become a player.  
Additionally, the natural resource base of platinum (Pt) and platinum group metals 
(PGMs) such as ruthenium, palladium, and iridium, which might give South Africa a 
strategic advantage relating to energy production, are currently being exported 
without full beneficiation. South Africa's known reserve base of PGMs represented 
87,7 per cent of the world total (Kendal, 2006). Other countries are importing bulk 
PGM’s, precisely for beneficiation by development into electrocatalysts applicable in 
energy systems such as fuel cells.  Development of PGM containing electrocatalysts 
for energy systems such as fuel cells and PEM electrolyzers is a key area where 
South Africa has a significant strategic advantage if beneficiation is done locally 
(Scriba et al., 2003).  
 
There is a major potential for the generation of new knowledge and successful 
commercial products in the application of nanotechnology in energy systems, which 
will impact upon the strategic advantage of South Africa. Advances in fabrication and 
processing of nano-sized materials have the potential to reduce the costs and increase 
the efficiency of existing energy generation technology such as water electrolyzers 
and fuel cells. The renewable power generation sector in particular stands to benefit 
from appropriate implementation of novel nanoscale materials in integrated energy 
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generation systems.  The economic windfall for the applications of nanotechnology 
based research in energy generation is expected to have a huge commercial potential. 
Moreover, expertise in integration of nanotechnology in energy systems should be 
developed and a product base established in South Africa in this fast developing 
technology focus area. The development of home grown technology based on 
nanotechnology will benefit South Africa in the long run by assisting to prevent 
marginalization, and saving foreign currency and will contribute to the bridging of 
the technological divide in line with national strategy (Scriba et al., 2003).   
 
Nanotechnology can be used to reduce noble metal content of electrodes and thus 
capital costs, and also improve efficiency of hydrogen generation systems such as 
alkaline flow cells as well as solid state PEM electrolyzers. This is possible by, for 
instance, the development of novel nanophase electrode materials that replace the 
existing electrodes or electrocatalysts respectively required, for such hydrogen 
production systems. In the case where noble metals and non-noble metal oxides are 
used as electrocatalysts for cathodes and anodes, development of efficient nanosized 
catalysts is of great industrial interest. Large, highly active catalyst surface areas with 
the minimal catalyst expenditure are obtainable using such nano structured materials. 
In recent years, nanostructured electrode materials have attracted great interests since 
the nanostructured electrodes show better rate capabilities than conventional 
electrodes composed of the same materials. The surface area of the nanostructured 
electrode is much larger. The high specific surface area of these materials also has 
significant implications with respect to energy storage devices based on 
electrochemically active sites (batteries, supercapacitors) and energy conversion 
devices depending on catalytic site of defect structure (fuel cells and thermoelectric 
devices) (Li, et al., 2000 a&b; Spahr et al., 1999; Shen et al., 2003; Zhou et al., 2003).   
 
In the surface coverage of a substrate with catalysts, the relatively low amount of 
active sites obtainable per unit area in a two dimensional plane has to date not 
resulted in sufficiently high catalytic activity for overcoming the barrier to producing 
cost competitive catalytic electrodes for hydrogen production or fuel cell 
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applications. The potential application of three dimensional catalytic supports for 
maximum dispersion of nanophase electrocatalysts for hydrogen production in a solid 
state electrolyzer is being explored in this thesis.  In this approach, the highest 
number of active sites per unit volume may be obtainable in close contact with the 
solid electrolyte, Nafion®. 
 
2.6 HYDROGEN PRODUCTION 
 
A range of renewable and non-renewable hydrogen production options and 
technologies exist and include ethanol reformation and partial oxidation, nuclear, 
biomass fermentation and photosynthesis, electrolysis via wind, hydro, solar, 
thermochemical cycles, biomass and coal gasification and sequestration. Production, 
storage and transport of hydrogen is, however, still problematic and costly. 
Specifically, hydrogen production technologies that reduce environmental impacts 
are required for an energy system that will in future be based on renewable and 
carbon-neutral hydrogen production. This approach should also promote economic 
development and energy independence and security for countries such as South 
Africa (Nordstrom, 2002).  
 
Hydrogen is conventionally produced by three methods, namely thermochemically, 
by electrolysis, and by photochemical reactions, depending on the feedstock used to 
generate hydrogen. Competing fuels are biofuels, methanol and natural gas. It is 
estimated that 48% of hydrogen is produced from natural gas, 30 % from oil, 18 % 
from coal, and the remaining 4% through water electrolysis. Thermochemical 
technologies for hydrogen production use heat and chemical reactions to convert 
hydrocarbon feedstocks to hydrogen. Some of the thermochemical processes used for 
producing hydrogen are steam methane reforming, partial oxidation of methane, and 
biomass gasification. A reformer is used to separate the hydrogen from methanol, 
natural gas, or other light hydrocarbons. In the steam reforming process, hydrogen is 
produced by mixing either natural gas, liquid petroleum gas (LPG) or naptha with 
steam. The reformer has to extract as much hydrogen as possible with low emission 
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of pollutants such as carbon monoxide. The hydrocarbon feedstock is reacted with 
water vapour to liberate hydrogen and carbon monoxide.  The water vapour reacts 
with carbon monoxide to form carbon dioxide and hydrogen. Crude hydrogen is 
generated when this mixture is heated in the presence of a catalyst. The crude 
hydrogen is then purified up to 99.99 % by using pressure swing adsorption (PSA).  
 
Electrolysis is a proven and easy method to generate hydrogen on a large scale for 
conventional industrial markets. In electrolysis, electrical energy is used to break the 
bond between the hydrogen and oxygen in water. Hydrogen and oxygen are liberated 
as elemental gases in the electrolysis process.  
 
Other possible routes for hydrogen production are for instance, by photo 
electrochemical methods, biological methods, and biomass reforming. Apart from 
direct solar electrolysis, biomass fermentation is a further method for producing 
hydrogen. These methods still have to overcome challenges such as efficiency (for 
instance, to convert sunlight, via bacterial interaction to hydrogen), and the 
availability of the resources for the generation of hydrogen. Biomass reforming, using 
enzymatic decomposition of sugars, or steam-reforming of bio-oils and gasification, 
suffers from low hydrogen production rates, impure effluent streams causing complex 
processing requirements as well as significant environmental costs.  Such 
technologies may generally suitable for large-scale production but are associated with 
costly purification operations (Frost & Sullivan, 2004). 
 
Dissociation of water is a reaction that is not favoured thermodynamically, requiring 
extremely high temperatures (> 2200 ºC) for obtaining a significant degree of 
dissociation. However, solar thermal power plants (STPP) may be a viable option to 
fulfil the world’s enormous expectation of clean electrical energy. The World Bank 
expects very significant investment in STPPs over the next 20 to 30 years. It is 
widely accepted that electricity produced by such solar thermal concentrating systems 
is the cheapest solar generated electricity available today (Goswami, 1998). 
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Thermal splitting of water by high temperature solar energy is possible using 
metal/oxide cycles, based on materials that can act as effective redox catalysts via 
two-step water splitting process at lower temperatures. A metal oxide is reduced 
delivering some of its lattice oxygen; during the second step the reduced catalyst is 
oxidized by taking oxygen from water and producing hydrogen. The synthesis of 
oxide-based redox catalysts with high defect concentration and their incorporation 
upon ceramic thin-wall multichannelled monolithic honeycomb reactors as supports 
where the catalyst particles are coated upon the inner walls of the honeycomb 
structure, act as collectors of solar heat and achieve temperatures in excess of 1100ºC, 
due to their high absorbance and thermal conductivity. A 10 MW solar thermal power 
plant was scheduled to produce electricity in 2002 in Spain and plans for additional 
plants are in progress (Frost and Sullivan, 2003; 2004). 
 
Another method to produce hydrogen using solar energy is by using photo catalytic 
cells in series. Solar power is used to break the water molecule in the electrolyte over 
a thin film of photo catalyst for direct conversion of solar energy and can convert 
more than 8 per cent of solar energy to hydrogen fuel. The catalyst comprises nano 
crystalline metal oxide films for the absorption of solar energy. This system is 
marketed by Hydrogen Solar Ltd and was developed in collaboration with Ecole 
Polytechnique Federale de Lausanne (EPFL), Switzerland and the University of 
Geneva (Frost and Sullivan, 2004). 
 
A high-temperature solar reactor has been developed by Laboratoire Procédés, 
Matériaux, et Energie Solaire (Processes, Materials, and Solar Energy Laboratory), 
France that can be used to produce hydrogen, based on natural gas de-carbonization. 
The solar reactor co-produces hydrogen-rich gas and high-grade carbon black (CB) 
from concentrated solar energy via a single-step thermal pyrolysis of methane 
without using catalysts. The maximum chemical conversion of methane to hydrogen 
and CB was found to be 95 % and the typical conversion was in the range of 30 % to 
90 % (Frost and Sullivan, 2004). 
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US Patent 6,726,893 by Lee et al., (2004) describes a method for hydrogen 
production by high-temperature water splitting using electron-conducting 
membranes. In the photoelectrochemical method of hydrogen production, the 
development of novel photo anode materials, which utilizes maximum solar energy is 
essential. The hydrogen storage material should have 6.5 wt % of reversible hydrogen 
storage capacity which are limitations. 
 
Millennium Cell, Inc. (MCEL) Hydrogen on Demand (HOD™) produces a system 
that generates pure hydrogen from environment friendly raw materials. The hydrogen 
is stored at ambient conditions in an aqueous solution of sodium borohydride 
(NaBH4). 
 
Microbes allow the production of hydrogen from carbohydrates for instance by using 
naturally occurring, hardy and non-recombinant Thermotoga neapolitana organisms. 
14 L of culture can produce at least 8 L of hydrogen at STP. This process does not 
require sunlight or open ponds and produces very little sulfur dioxide so there is no 
danger of poisoning the fuel cell. The process was developed by National Energy 
Technology Laboratory and Brookhaven National Laboratory.  The Institute of 
Chemistry, Chinese Academy of Sciences, Beijing, generated hydrogen with 
anaerobic mixed bacteria on a large scale using residues containing sucrose. 99 % of 
the product gas is composed of hydrogen and carbon dioxide without methane.  
Generally it has been found necessary to increase the bioactivity of hydrogen-
producing bacteria for these processes (Frost and Sullivan, 2004). 
 
US Patent 6,737,184 by Rusta-Sellehy and Frank (2004) describes a chemical hydride 
hydrogen generation system as a way to produce hydrogen by using sodium 
borohydride which is reacted with steam in the gas phase to liberate hydrogen and 
claims that under certain conditions the reaction can liberate essentially 100 % of the 
hydrogen from the hydrides using steam. 
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Hydrogen production is possible by water electrolysis. Hydrogen can be produced via 
electrolysis using zero emission technologies to produce carbon-dioxide –free energy. 
However, this would require a vast expansion of renewable energy capability to allow 
sufficient capacity for hydrogen to be a contender to fossil fuel derived energy.  
 
2.7 WATER ELECTROLYSIS 
 
 
Hydrogen can be produced either at small or large scale at any location by 
implementation of water electrolysis. Hydrogen production by electrolysis and 
subsequent storage is one option for conversion and storage of energy. This process is 
fundamentally important for renewable power generation applications. Renewable 
sources of energy such as hydropower, ocean thermal energy conversion, tidal power, 
solar, wind, geothermal or biomass can be used as energy source for driving 
electrolysis systems for hydrogen production but only small decentralized electrolysis 
systems can be coupled to these renewable energy sources without need for 
significant additional infrastructure (R.Wurster and J. Schindler in Vielstich et al., 
2003: 64). Systems should be compatible with the fluctuating power supply that is 
typical for renewable energy supplies.  
 
In hydrogen production by electrolysis of water it is important to consider the 
geographical location of energy generation, availability of water resources and 
requirements for transport of energy in relation to the energy user. Electricity 
provided to an electrolysis system should be available according to the system 
requirements of power and voltage, thus usually needing rectifiers and inverters. 
Other issues are requirements for small-scale versus large scale generators. 
Furthermore, the benefits of distributed versus centralized production, requirements 
for purification, and conversion technologies for liquefaction of hydrogen or gas 
compression and storage should also be kept in mind.  It will also be important to 
evaluate the technical and economic feasibility of obtaining hydrogen from scattered 
renewable sources within any particular region and transporting it to market. Life-
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cycle costs must be established to supply hydrogen to the end user via various options 
such as either liquid or gas form; transportation with pipeline or tanker truck; storage 
in metal hydrides or ethanol, etc.  High-pressure electrolysis is feasible for 
distributed, on-site hydrogen production without the need for additional compression 
(usually to 5000 psi) and production of hydrogen by electrolysis would become much 
more competitive by eliminating the need for a compression step. High pressure 
generation would not only improve efficiency but also reduce the cost and 
maintenance of compressors. High pressure electrolysis would make hydrogen 
storage and transport in pipelines more feasible. Moreover, the use of hydrogen as 
fuel in fuel cells to provide heat, power and cooling in homes, businesses and other 
institutions is envisaged to become a practical option (Nordstrom, 2002).  
 
Hydrogen generation by electrolysis include alkaline flow cells as well as solid state 
electrolyzers that are based on reverse fuel cell systems called Proton Exchange 
Membrane (PEM) electrolysis units (Ivy, 2004).  Two types of electrolyzers are used, 
based on the electrolyte, namely electrolyzers that typically use caustic electrolytes 
(KOH or NaOH), and PEM based electolyzers that use solid polymer electrolytes 
(SPE) and thus are also known as SPE electrolyzers. In electrolyzers it is possible to 
separately generate the H2 in high purity but at relatively low pressures. The 
electricity passed through the electrolyte solution splits water in to hydrogen and 
oxygen. These gases are generated separately in chambers separated by a gas 
impermeable membrane. Various other types of electrolytes can also be applied such 
as acidic electrolytes to optimize conductivity. After purification from residual 
oxygen the hydrogen can be compressed for storage. Unfortunately compression is 
expensive. Companies that produce such systems are Norsk Hydro, Norway and 
Stuart Energy, Canada, Shell etc. High pressure electrolyzers have been developed 
for producing smaller volumes of hydrogen in the range of 10 to 65 Nm3 h-1. The 
electrolyzer discharges the hydrogen at a pressure of 15 bar, which eliminates the 
need for compressors. Atmospheric electrolyzers can produce hydrogen volumes 
from 60 Nm3 h-1 or more (Barbir, 2005). 
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PEM electrolyzers typically use a solid polymer electrolyte membrane such as Nafion 
in the place of a fluid alkaline or acidic electrolyte. The electrolyzers have the ability 
to electrochemically generate hydrogen at pressures of more than 2000 psi, 
eliminating the need for mechanical compression. The benefits of PEM vs alkaline 
electrolyzers are that the solid electrolyte should last for the lifetime of the 
electrolyzer whereas the alkali electrolyte requires replenishing and disposal of 
corrosive wastes. Moreover, the purity of H2 is significantly greater in a PEM system 
and the hazards of explosive gas mixtures are eliminated. PEM electrolyzer 
technologies have been commercially developed for hydrogen generation by 
companies such as Ballard Power Systems or Hydrogenics Corporation, Canada and 
Proton Energy Systems, United States. Automobile companies such as General 
Motors are also involved to produce onboard systems. In vehicles, the liberated 
hydrogen fuel prepared in an onboard system is stored in a metal hydride storage 
module, prior to being fed to a fuel cell to produce electricity (Turner, 2004). 
 
PEM electrolyzers can also be used in a format called a regenerative fuel cell system, 
which uses renewable electricity to produce hydrogen by electrolysis and then by 
reversing the process uses the hydrogen in turn, to produce electricity for power 
applications. This system is suited for back up power systems that could be powered 
by grid, renewable energy sources or hydroelectric sources (Lee et al., 2004).  
 
Electrolyzers are available as pressurized units typically between 1 and 3 MPa. 
Various types of industrial electrolysis units are commercialy produced. Some 
involve an aqueous electrolyte solution of potassium hydroxide (usually 30 % v/v 
KOH), which is used because of its high conductivity, and these units are referred to 
as alkaline electrolyzers. These units can be either unipolar or bipolar (Ivy, 2004). 
The unipolar electrolyzer resembles a tank and has electrodes connected in parallel. A 
membrane is placed between the cathode and anode, which separates the hydrogen 
and oxygen gases that are produced, but allows the transfer of ions. The bipolar 
design resembles a filter press. Electrolysis cells are connected in series, and 
hydrogen is produced on one side of the cell, oxygen on the other. Again, a 
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membrane separates the electrodes. SPE or PEM electrolyzers may be applicable for 
the home or as small neighbourhood systems (Ivy, 2004).  
 
The high capital costs of SPE or PEM units limit their current viability in the large 
hydrogen production market, while alkaline units, with their lower capital costs, can 
produce hydrogen across a range of capacities. In the SPE unit the electrolyte is a 
solid ion conducting membrane as opposed to the aqueous solution in the alkaline 
electrolyzers. The membrane allows the H+ ion to transfer from the anode side of the 
membrane to the cathode side, where it forms hydrogen. The SPE membrane also 
serves to separate the hydrogen and oxygen gases, as oxygen is produced at the anode 
on one side of the membrane and hydrogen is produced on the opposite side of the 
membrane, at the cathode (Ivy, 2004).  
 
The electrochemical dissociation of water includes: 
 
Reduction of water :  4H2O + 4e-    Æ H2 + 2OH- 
Oxidation of water :  2H2O - 4e-      Æ O2 + 4H+  + 4e- 
 
The cathodic evolution of hydrogen from acidic solutions is due to a discharge of 
hydroxonium ions: 
H3O+ + e = ½H2 + H2O.    
 
In alkaline and neutral solutions, hydrogen evolution is associated with a discharge 
(ionization) of water molecules: 
 
H2O + e = ½H2 + OH.    
 
The cathodic evolution of hydrogen occurs at potentials that are more negative than 
that of the equilibrium hydrogen electrode. A shift in the potential under the action of 
an electric current, ϕi, from its equilibrium value, ϕτ, which is necessary to initiate the 
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cathodic evolution of hydrogen on a given electrode at a given rate of j is termed as 
the overvoltage of hydrogen evolution, ηH2. 
 
The magnitude of the hydrogen overvoltage is a measure of the irreversibility of the 
cathodic evolution process of hydrogen, and it is dependent upon the current density, 
j, as well as the type of electrode, temperature, and electrolyte composition. 
Depending on these factors, ηH2 might vary from a few millivolts to 1.5 V and more. 
 
In the case of moderate or high values of the hydrogen overvoltage, its dependence 
versus the current density is described by the Tafels equation (Tafel, 1905): 
 
ηН2 = a + b lg j,    (2.1) 
 
where a and b are coefficients, which may be determined according to a linear sector 
of the semi-logarithmic dependence ηН2 – lg j, or ϕj – lg j. 
 
An analysis of both coefficients of the Tafels equation and the dependencies reached 
provides a means to study the mechanism, the kinetics and the limiting stage of the 
cathodic evolution of hydrogen. This dependence makes it possible also to obtain the 
value of the exchange current density, lg jo, which characterizes the exchange kinetics 
of the charged species between the electrode and solution at the equilibrium potential 
ϕτ. 
 
In a SPE system the reactions at the electrodes are:  
 
Hydrogen Production at the Cathode: 2 H+ + 2e-→ H2  
 
Oxygen Production at the Anode: H2O → ½ O2 + 2 H+ + 2e-  
 
In an alkaline system the reaction at each electrode is:  
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Alkaline Hydrogen Production at the Cathode: 2 H2O + 2e-→ H2 + 2OH-  
 
Alkaline Oxygen Production at the Anode: 2OH-→ ½ O2 + 2 H2O + 2e-  
 
The conversion efficiency of water to hydrogen is high, ranging from 80-95%. 
Energy efficiency is defined as the higher heating value of hydrogen divided by the 
energy consumed by the electrolysis system per kilogram of hydrogen produced. The 
amount of energy currently needed to create hydrogen from water using electrolysis 
is 39 kWh/kg. In order to determine the efficiency of the electrolysis process, the 
theoretical amount of energy needed, 39 kWh/kg of hydrogen, needs to be divided by 
the actual amount of energy used by the electrolysis unit to create hydrogen. The 
energy efficiency of the electrolysis process ranges from 56-73% based upon the 
higher heating value (HHV) of hydrogen. The PEM process currently has the lowest 
efficiency at 56 % and bipolar alkaline efficiencies are the highest at 73 % (Ivy, 
2004).  
 
An electrolyzer producing 1 kg H2 working at a cell potential of 2 V uses 54 kWh. At 
current electrolyzer efficiencies, in order to produce hydrogen at lower than $3.00 per 
kg, electricity costs must be lower than 4 and 5.5 cents per kWh. For an ideal system 
operating at 100 % efficiency, electricity costs must be less than 7.5 cents per kWh to 
produce hydrogen at lower than $3.00 per kg (Ivy, 2004). Ivy (2004) determined that 
for a small neighbourhood case (~20 kg H2/day), the capital costs become the major 
cost factor, but electricity costs are still significant. This analysis demonstrated that 
for all systems electricity price is a major contributor to hydrogen price.   
 
The main requirements in efficient hydrogen generation on a large scale by water 
electrolysis are the supporting electrolyte, low-cost, stable, large surface area 
electrodes, high current densities and product separation from the electrolyte. For low 
cost hydrogen production by water electrolysis, low cost high efficiency electrode 
materials need to be developed.  
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Water electrolysis with a solid polymer electrolyte (SPE)-cell possesses certain 
advantages compared with the classical alkaline process such as increased energy 
efficiency and specific production capacity and a simple system with a solid 
electrolyte at a low temperature. The development of processes for catalyst 
production and application on electrode membrane assemblies (MEAs) for solid 
polymer electrolyte (SPE)-cells is of significance. The first electrolyzers using 
polymer membranes as electrolyte were developed by General Electric Co. in 1966 
for space applications. Extensive research and development on SPE electrolyzers has 
been performed within the Japanese World Energy Network (WE-NET) program. A 
cell voltage of 1.68 V at 1 A cm-2 was obtained on a single cell of 50 cm2 at 80 °C. 
Kondoh et al. (2000) tested two cell stacks of 0.25 m2 X 10 for 2500 h at 1 A cm-2 
with an average cell voltage of 1.74 V at 1 A cm-2 and 1.9 V at 2 A cm-2, 
respectively. The Swiss company ABB developed the commercial MEMBREL™ 
process membrane electrolyzer in the period 1976/1989. Two units of 100 kW were 
tested over the longer term with an average voltage 1.75 V at 1 A cm-2 and 80 °C. 
The oxygen electrode is the main source of overpotential in this system. In contact 
with the acidic Nafion membrane non-noble catalytic metals like Ni and Co will 
corrode and Pt will be covered by a low conducting oxide film.  
 
Conducting oxide materials have attracted considerable interest as activated cathodes 
for electrocatalysis of H2 evolution (Patil et al., 2003).  The oxygen electrode is the 
main source of overpotential in the SPE electrolyzer system and IrO2 is one of several 
oxides chosen as the active catalyst for the electrocatalytic process. The performance 
of IrO2 as anode electrocatalyst has been found to be much superior to that of pure 
platinum for oxygen evolution. (Blouion et al, 1997). The various methods used for 
preparing Ir-oxide films include anodic oxidation (Beni et al., 1982), reactive 
sputtering (Hackwood et al., 1982), electrodeposition (Yamanaka et al., 1989), sol–
gel (Takasu et al., 1994) and spray pyrolysis techniques (SPT) with variable thickness 
(Patil et al., 2003). On the hydrogen evolution side (cathode) of an electrolyzer 
metallic Pt is commonly used (Millet et al., 1993; Ioroi et al., 2000), but dissolves on 
the anode side (Tafel, 1905). Pt can also be co-deposited on an oxide such as TiO2 
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(Sato et al., 1980). Nanocrystalline electrodeposited Ni–Mo–C cathodes have recently 
been developed for hydrogen production (Hashimoto et al., 2004)  
 
Nanostructured materials can be applied as electroconductive and catalytic membrane 
electrodes. Promising composite electrodes and nanophase electrocatalysts are much 
more active for hydrogen generation than current commercial materials applied in 
alkaline systems. Cost effective methods to prepare catalytically active, nanophase 
inorganic membrane electrodes show significant promise to overcome current 
obstacles to implementing large scale use of such materials. The incorporation of 
nanophases into composite electrodes as electrocatalysts involve developing catalytic 
inks, membrane electrode assemblies, gas diffusion layers, and cell design with 
prototyping. Process development and optimization of electrochemical catalytic 
systems are required for demonstration and cost evaluation of such systems.  
 
The rate of the cathodic evolution of hydrogen depends upon the overvoltage, ηH2, 
which depends in turn upon the nature of the electrode potential, its surface state, and 
the conditions under which the electrolysis process is carried out. These conditions 
are as follows: both concentration and temperature of the electrolyte solution, stirring 
of the electrolyte solution, density of the polarizing current, and other factors that 
may be difficult to control, need be taken into account, for example, the presence of a 
reducing agent in a solution etc. To make a rational choice of electrode based upon 
prediction of its performance, it is necessary to establish interdependence between the 
ηH2 value of the metal of choice and any other relevant property. As has been 
established for a number of metals (Petrii and Tsirlina, 1994), the exchange current 
density, j0, (inversely dependent upon ηH2) increases as the energy of the 
metal/hydrogen bond, GM-H, rises. This has been explained by the fact that an 
increase in the bond energy results in a decrease of the activation energy of the 
discharge stage of H3O+ ions or water molecules and an increase in activation energy 
of the recombination process of atomic hydrogen. 
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Use of the quantum-mechanical theory of electrode reactions adopted by Prisyazhyi 
et al., (2000)  to explain the reaction of hydrogen evolution on metals elucidates the 
experimentally observed dependence of the exchange current density, j0, versus 
adsorption of hydrogen atoms for different metallic electrodes. This characteristic 
feature holds true for most metals. Therefore, the lowest values in the overvoltage of 
hydrogen evolution are characteristic for those metals having the highest energy 
values for the metal/hydrogen bond. The same metals possess a high degree of 
adsorptivity of atomic hydrogen, show a trend to form hydrides, and are distinguished 
by low desorption of hydrogen from their surfaces. Depending on the overvoltage 
value of hydrogen evolution, the metals used to prepare cathodes are subdivided into 
two main groups (Prisyazhyi et al., 2000) : those showing a low overvoltage, such as 
Pt, Pd, Au, Rh, Re, Ir, Ni, Co, and Fe (here the high GM-H and j0 values are 
characteristic), and those showing a high overvoltage, namely Sn, Bi, Zn, Pb, Ti, Ln, 
Hg etc. (here the aforementioned values are low). As seen from this list, the first 
group of metals mainly consists of precious metals - an essential drawback of which 
is their high cost. Ni, Fe and Co belong to this group but as cathodic materials, the 
widest use is made of Ni and Fe. 
 
The activity of the cathodic catalyst depends not only upon the nature of the metal but 
also upon its structure formed during the electrode molding process. Of the non-
platinum catalysts applied for hydrogen electrodes in alkaline solutions, skeletal 
catalysts, mainly nickel based (Yusti, et al., 1962), are assumed to be the most 
promising. Except for nickel, such skeletal catalysts may comprise other metals of 
variable valence. A number of authors have revealed that the addition of such 
elements as cobalt (Kudryashov et al., 1970a; Kudryashov et al., 1970b), tungsten, 
chromium, titanium, zirconium etc. (Jaksis 1984) into the composition mixture 
increased the activity of the catalysts. Electrodes with a current supply made of 
stainless steel are of practical interest. The active coating might be applied onto an 
iron support by plasma spraying of powders available for industrial use. As Sklyarov 
et al., (1991) have shown, mixtures of the powdered alloyed stainless steel with 
powdered aluminium and the nickel/aluminium alloy powder are promising as 
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material for an active cathode coating. The stainless steel may contain between 6 to 
10% of Co, Mo, Cr, Ni, and W in a mixture with aluminium powder. This may be 
followed by leaching of the nickel skeletal catalyst, i.e., an alloy of nickel with 
aluminium and other additives. Thermal treatment of the above mixtures provided a 
means to obtain cathodes characterized by a low overvoltage (300 mV in 30wt % 
KOH solution at a current density of 0.4 A cm-2 and a temperature of 90ºC). Such  
cathodes were found to be stable with respect to contamination by iron and 
maintained their characteristics during long-term operation. Various patents make 
claims for Ni, Co and Fe or alloy electrodes as summarized in Table 2.1. 
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Table 2.1 Summary of patents 
 
No Patent No year Coating method Substrate Electrolyte Temp Over potential
(mV)
Curr.dens.
(mA/cm2)
Time
(h)
Cell potential
(V) / (A/cm2)
1 5,084,154 1990 Ni-Ti-Zr, plasma spray
power
Ni 45% NaOH 100 170
195
400
400
1
800 (cathode)
2 4,839,015 Ni-Cr-Ti
3 4,605,484 Ni-Cr
4 4,586,998 1986 Pt electroplated Ni 35% NaOH 80
100
300
300
1
3000 cathode
5 4,567,374 1985 Co-Ni cosputteriing +
post treatment
Ni, Co or
alloys
17% NaOH 80 288
310
360
295
340
410
100
200
500
100
200
500
1
1
1
4600
4600
4600 (anode)
6 4,498,962 Co-Ni surface enlarged
+ Rh Ir: melt coating
Ni, Co or
alloys
15% KOH 110 250 70 1.91 Cell
potential
7 4,447,302 Ni-Ti: hot pressed Ni 35% KOH 80 75
>260
150
200
(Cathode)
1000h (Anode)
8 4,363,707 1982 NiS electroplated
plasma blown
Ni enlarged
surfacwe
33% KOH 160
160
1000
1000
1000
1000
1 (cell)
200 (cell)
1 (cell)
200 (cell)
1.8 / 1000
1.85 / 1000
1.68 / 1000
1.7 / 1000
9 4,361,602 1982 Ni-Rh electroless
plating
Surface
enlarged Ni
40% KOH 100 200
500
1.6 /200
1.8 /500
10 4,251,344 Porous Ni sintering
Mild Fe
Fe 12% NaOH +
16% NaCl
96 1.11
1.12
1.13
1.35
70
145
290
155
Cathode
potentials
Cathode
potentials
11 4,100,049 Pd + Zr Ni, Co, Fe
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So far, only Pt or Pt alloys can efficiency keep the stability of the oxygen-electrode 
catalyst activity in fuel cells. Previously pure Pt black was used as catalyst and the 
dosage was 4mg cm-2. In recent years, the dosage of carbon-supported black Pt 
catalyst is 0.5mg cm-2. Using relative larger surface area supported material is an 
effective method in which it is possible to achieve highly dispersed Pt crystallite and 
reduce the ratio of catalyst applied. The requirements of a support for an active 
electrocatalyst are that it must provide a structural, conductive, and durable support 
for the active metal particles. By far the most common support materials used in 
PEMFCs are carbon blacks. As expected, increasing the surface area of the carbon 
leads to greater Pt dispersion at a given loading. Uchida et al. (1996) showed that Pt 
crystallite size decreased from 3.7 to 1.0 nm when the carbon surface area increased 
from 58 to 1500 m2 g-1 for a series of 23 to 24nm wt% Pt catalysts. Similarly, 
Tokumisu et al. (1999) reported that increasing the carbon surface from 60 m2 g-1 to 
over 1300 m2 g-1 leads to a reduction in Pt particle size from 2.5 to 1.5nm for 10 wt% 
catalyst. However, despite the increase in Pt surface area achieved by higher-area 
carbon support, both these studies showed little effect of carbon support on activity. It 
was suggested that both the Pt particle size effect and the interaction of the ionomer 
with the carbon support played important roles in determining activity. 
 
In conclusion, the literature review presented in Chapter 2 was used to develop the 
thesis topic and the main perspective, rationale and motivation, research approach 
and scope of study as well as the delimitation of the study, as was presented in 
Chapter 1. The research design, refinement of approach and research hypothesis as 
well as the delimitations of the research and the main perspective from which the 
topic was researched were also developed from the perspective gained from the 
literature review and were set out in Chapter 1. More detailed and specific review of 
the applicable literature will be presented in the introductory sections presented in 
Chapters 3-7. 
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3 NANOPHASE SUBSTRATES AND SUPPORTS FOR 
ELECTRO-CATALYSTS  
3.1 INTRODUCTION 
 
The approach in this aspect of the study was to explore the use of three dimensional 
porous substrates as supports for high dispersion of active nanophase Pt 
electrocatalysts for hydrogen production in a solid state electrolyzer. Because two 
dimensional electrode surfaces do not provide sufficiently high catalytic activity for 
hydrogen production or fuel cell applications, the highest number of active sites per 
unit volume may be obtainable using three dimensional materials as supports for the 
electrocatalysts. New routes to form nanophase electrocatalysts on such supports are 
necessary because current techniques are costly, laborious, and require sophisticated 
fabrication facilities, thus are not industrially or economically viable in the local 
South African environment.  
 
 This section will focus on microporous, and mesoporous support substrates and their 
characteristics. Methods to achieve dispersion of the metal nanophase upon these 
supports will be detailed in Chapters 4 and 5. 
 
3.2 OVERVIEW OF SUPPORT SUBSTRATES 
 
Various support substrates have previously been considered for preparation of three 
dimensional porous substrates as supports for high dispersion of active nanophase Pt 
electrocatalysts. Typically in gas phase catalysis of hydrocarbons, Pt supported 
zeolites (Ho et al., 1998) are used as bifunctional heterogeneous catalysts. More 
recent efforts have included the use of mesoporous materials and high surface area 
carbon substrates such as carbon black, carbon nanotubes and mesoporous carbons, 
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the purpose being to form a three dimensional array of pores with interconnected 
channels, so that metal catalysts can be highly dispersed without agglomeration and 
that the two way flow of liquid reactants and gaseous products may not be impeded 
(Xie et al., 2008).   
  
 3.2.1 Microporous supports: Zeolites 
 
 
Zeolites are crystalline aluminosilicate materials with regular uniform, Angstrom 
sized pore systems. Zeolites have the following unique properties (Moscou, 1991; 
Maxwell and Stork, 2001): Microporous character with uniform pore dimensions; 
Ion-exchange properties; Ability to possess acidity; High thermal and hydrothermal 
stability. The framework oxide structures are associated with certain unique features, 
among which the strictly uniform two – or three dimensional pores of characteristic 
diameters and widths, give rise to a pronounced “sieving action”, on the molecular 
scale (Meier, 1968). According to the IUPAC classification, micropores have a 
diameter (dp) smaller than 20 Å (Weitkamp, 2000). Hence zeolites are structured 
nanophase materials. 
 
Zeolites offer extremely large specific surface areas because of their high micro 
porosity with pores typically in the Ångstrom range. The surface areas of fully 
crystalline zeolites are typically in the order of 400-600 m2g-1, of which 
approximately 66-85 % is internal, in the microporous channel. Zeolites are stable to 
well over 1000 °C, allowing thermal regeneration of these catalysts, and are resistant 
to attrition posing few handling problems.  Surface properties can be either 
hydrophilic or hydrophobic based on the desired degree of incorporation of Al into 
the lattice framework. A highly siliceous zeolite repels water. On the other hand Al 
rich zeolites attract water. The relative affinity of various hydrocarbon compounds for 
the zeolite surface and the zeolite pore size may allow separations of mixtures of 
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hydrocarbons. There are more than 200 unique zeolitic structures that have been 
identified in nature or synthesized (Szostak, 1992)  
 
 
Figure 3.1  Schematic of unit cell structure of zeolite FAU (IZA_online, 2008).  
 
Unit cell formulae differ for each unique zeolite structure, depending on the 
configuration of the framework and its composition. The empirical unit cell formula 
of a zeolite is of the type: M2/nO • Al2O3 • xSiO2 • yH2O, where M is any alkali or 
alkaline earth atom, n is the charge on that atom, x is a number from 2 to 10, and y is 
a number from 2 to 7. For example, for FAU (alternatively known as zeolite Y or 
faujasite) the formula is (Na58)(Al58Si134O384)•240H2O. Atoms within the second set 
of parentheses are structural atoms, because with oxygen they make up the rigid 
lattice framework of the structure. Those within the first set of parentheses are known 
as exchangeable ions, because they can be replaced (exchanged) more or less easily 
with other cations in aqueous solution, without affecting the aluminosilicate 
framework (Szostak, 1992; Feijen et al., in Ertl and Knozinger, 1997).  
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Natural zeolite mineral phases may originate from volcanic ash. The chemical 
reaction of glassy volcanic ash (source of aluminosilicate) with pervading pore water 
changes the glass fraction into various crystalline mineral zeolite phases over 
geological time scales under certain conditions. Many pure zeolite types can also be 
prepared more rapidly via various hydrothermal synthetic routes (Ginter 1989; Petrik 
et al., 1995; Petrik et al., 2008). The hydrothermal synthesis of aluminosilicate 
zeolites corresponds to the conversion of a mixture of silicon and aluminium 
compounds, alkali metal cations, organic molecules in some cases and water via an 
alkaline supersaturated solution into a microporous crystalline aluminosilicate. 
Synthetic zeolites play a major role on industrial scale, in terms of catalysis, 
molecular sieving and environmental protection (Ertl and Knozinger, 1997). 
 
The negative charge of the zeolite lattice framework is caused by the substitution of 
Si4+ with Al3+. The residing excess negative charge requires the introduction of 
charge compensating cations to stabilize the structure. These charge compensating 
cations are not incorporated into the lattice framework or covalently bound to the 
zeolite structure, but have considerable freedom of movement and can readily be 
substituted with a host of other cations. The charge balancing cation associated with 
the framework acid site is usually a Group I element such as Na or K (Barrer, 1981; 
1982). Group II elements such as Mg and Ca are also used to change pore diameters, 
exchange- or catalytic properties. For acid catalysis the charge balancing cation is 
exchanged with NH4+ and then calcined at 500 °C to activate and generate the acidic, 
H-form of the zeolite catalyst (Ertl and Knozinger, 1997). Various other metals such 
as Pt and Pd can also be exchanged into the zeolite, to form bi-functional catalysts. 
 
The Si/Al ratio usually determines the amount of exchangeable cations that may be 
present within the pores of a zeolite and this, as well as the relative accessibility of 
the cation, will define to what extent the cations may be exchanged. The lowest Si/Al 
ratio is 1:1, due to the next nearest neighbour (NNN) exclusion principle, thus T-O-T 
linkages may not accommodate two adjacent Al atoms. The highest Si/Al ratio is 
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unlimited, but depends on whether a completely siliceous composition is stable for a 
particular structure (Breck, 1973). 
 
Among the active sites on the zeolite surface, some have a fixed charge and thus 
represent the effective negative charge of the zeolite; as such they may be referred to 
as permanently active charged sites or Brönsted acid sites. Thus, the bridged ≡Al-O-
Si≡ functional groups represent Brönsted acid sites which can be used for potential 
ion exchange, acid catalysis or complex formation (Ikhsan et al., 1999; Tamura, 
2004). Catalytic activity is determined by the relative amount of bridging hydroxyl 
groups and this in turn is typically determined by the amount of Al incorporated in 
the framework. 
 
The strength of the acid site is a function of its isolation. Typically weak acid sites 
occur in material with a Si/Al ratio of <12, in other words Al rich materials, and 
strong acid sites above this ratio (Ginter et al., 1989). A basic catalyst is prepared by 
substituting a metal such as Titanium for the Al in the lattice framework. In many 
cases it is necessary to incorporate a metal centre in the zeolite to prepare a 
bifunctional and active catalyst and this is the case in the preparation of 
electrocatalysts as is envisaged in this study. As zeolites are well known to stabilize 
metal centres, these materials were considered to be suitable to prepare 
electrocatalysts and were found to provide a stable, constraining environment for 
dispersion of the nanophase metal (Rolison et al.,1992; Bessel et al., 1992; Petrik, 
2002) 
 
3.2.2 Mesoporous materials 
 
 
Mesoporous materials are defined as having pores with diameters between 2 – 50 nm. 
Ordered mesoporous materials are used extensively in separation science, catalysis, 
and various ‘host-guest’ chemistry applications (Langley and Hulliger, 1999; 
Hartmann, 2005; Li et al., 2008). Initially these materials consisted of various 
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inorganic materials either silica or alumina based (Pauly and Pinnavaia, 2001; Tanev 
and Pinnavaia, 1995). More recently a range of other elements have been 
incorporated into these materials (Shan et al., 2002; Liu et al., 2006; Li et al., 2007). 
With the advent of carbon based mesoporous materials (Kim et al.,2003; Lee et al., 
2006; Fuertes et al., 2003), the range of potential applications for mesoporous 
materials has been extended to include separation science, catalysis, non-hydrocarbon 
based energy systems, and biomedical applications.   
 
Carbon nanostructured materials (CNM) have gathered research momentum in recent 
years. The various forms of CNMs include, but is not limited too, ordered 
mesoporous carbon (OMC) materials (Lee et al., 2006; Kim et al., 2003; Fuertes et 
al., 2003), carbon nanotubes (CNTs) (Baughman et al., 2002; Popov, 2004) and 
nanofibers (CNFs) (De Jong et al., 2000; Che et al., 1998), carbon nanoballs (Liu et 
al., 2002), and carbon nanowalls (Wu et al., 2002). When examining the volume of 
literature available on the different CNMs, in terms of potential applications OMCs, 
CNTs, and CNFs have proven to be the most practical forms of carbon 
nanostructured materials.  
 
CNTs can be defined as mesoporous materials since they have pores in this range 
(Lee et al., 2006). Typical sizes for CNT’s are an inner diameter of 1-3 nm and an 
outer diameter of approximately 10 nm. Their length can vary considerably 
depending on the method of preparation. Extensive research in synthesis methods are 
reported online and in the scientific literature  since early reports were made of this 
new material (W. Krätschmer 1990; Benning, 1993; Iijima, 1991; 1993). The most 
common methods for preparing CNT’s include arc discharge, chemical vapour 
deposition (CVD) and laser ablation (Nanotube Synthesis, 2008). Laser ablation 
produces a small amount of clean nanotubes whereas arc discharge methods generally 
produce impure materials. CVD synthesis is achieved by subjecting a gas phase 
carbon source such as methane, carbon monoxide, benzene and acetylene to pyrolysis 
by thermal energy at about 700 °C. The gaseous carbon source is brought into contact 
with a catalyst such as Ni, Fe or Co where it will bind to form the CNT. A method to 
CHAPTER 3 
___________________________________________ 
 58
prepare CNTs using nebulized spray pyrolysis and other vapour phase techniques 
have recently been reported (Vivekchand et al., 2004; Govindaraj 2007). It is 
proposed that CNT mechanism of growth involves a nucleation process where growth 
of the CNT occurs on the catalyst surface through atoms of the gas phase carbon 
source being captured. Purifying CNTs using acid treatments can cause loss of 
structure and disorders the walls (Strong et al., 2003).  It has been reported that Pt can 
be deposited electrochemically upon the exterior walls of CNTs (Adora, 2004) or by 
in situ deposition (Wang et al., 2006). CNTs can form bundles of tubules, which are 
organized structures held together by weak van der Waals’ forces (Popov, 2004). 
 
In contrast, OMC are an intricately connected network of covalently bonded carbon 
material with periodic pores in the mesoporous size regime in the nanometer range 
(Lee et al., 2006; Kim et al., 2003; Fuertes et al., 2003; Li et al., 2008). The desired 
mesoporous ordering can be derived from a silica based mesoporous precursor that 
provides control over the final OMC. One of the most facile methods for the 
synthesis of OMCs is the template method. The choice of template determines the 
pore size, arrangement of the pores and thus the overall structure of the resulting 
OMC. In order to synthesize OMCs, silica templates with an ordered and 
interconnected pore structure need to be used to produce a structurally stable OMC. 
Such ordered mesoporous silica templates can be synthesized with the desired 
mesoporous ordering, which in turn provides control over the final OMC. In general, 
OMCs can be synthesized by first impregnating the Si template with a suitable carbon 
precursor, followed by a separate carbonization step. Alternatively, the carbon 
precursor can impregnate the template and undergo decomposition to carbon at the 
same time using a chemical vapour deposition (CVD) process. In both methods the 
silica based mesoporous template has to be removed in a separate step (Lee et al., 
2006; Kim et al., 2003; Fuertes et al., 2003; Langley and Hulliger, 1999; Hartmann, 
2005).  
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CVD is a relatively easy method to implement and the added simplicity of infiltration 
and decomposition in one continuous process is a key reason this method was 
explored to produce the OMC materials. 
 
3.3 EXPERIMENTAL  
 
3.3.1 Preparation of the microporous zeolite support  
 
Commercial FAU zeolite was obtained from Zeolyst company and characterized prior 
to using this material as support for metals. The specifications for Zeolite H-FAU 
(CBV780 Lot. No 78001N00257; Zeolyst International) is a dealuminated faujasite 
with a given analysis of: Si/Al 80; wt% Na 0.03;  BET surface area of 780 m2 g-1. 
 
3.3.2 Preparation of the Mesoporous Silica Template  
 
The HMS silica based mesoporous precursor was synthesized by adapting methods 
from Zhang et al., (1997). Initially 4.0 g of the surfactant 1-hexadecylamine (Aldrich) 
was added to 350.0 mL of an ethanol/water mixture (35/70, v/v). The mixture was 
stirred in an open vessel for 24 h. 50.0 mL of tetraethoxysilane (TEOS, Aldrich) was 
then added drop-wise to the mixture (1-hexadecylamine in ethanol/water) whilst 
continuously stirring the solution. After adding the TEOS, the mixture was left to stir 
under ambient conditions for 24 h. For HMS assembly where water:ethanol ratio was 
25/10, the molar compositions of the reaction mixture was 16 TEOS: 0.066 
surfactant: 10 EtOH: 25 H2O. The solid product was then filtered (Whatman, 545 
grade filter paper) and washed with distilled water. 150.0 mL of 100.0 % ethanol 
(Kimix, South Africa) was mixed with the solid product and then refluxed under air 
at 120 °C for 2.0 h. The resulting suspension was then filtered and dried at 100 °C in 
a muffle furnace. Calcination of the dry solid product was done in a muffle furnace 
using a heating rate of 1 °C min-1, a final temperature of 550 °C, and holding the 
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furnace at 550 °C for 8.0 h. The final yield of the HMS silica template was 
approximately 2.0 g when using the specified amounts of starting materials. 
 
MCM-41 was synthesized at room temperature. Cetytrimethylammonium bromide 
(CTAB) was used as template in order to control the pore size of the resulting 
mesoporous silica. A typical preparation was as follow: CTAB (4.0 g) was dissolved 
in 250 mL of HCl solution. The mixture was stirred at room temperature for 1 h, then 
TEOS (20 mL) was added to the above solution. The mixture was vigorously stirred 
in a sealed flask under ambient conditions for 20 h. The resulting white precipitate 
was filtered, washed by water and dried at room temperature. Template removal was 
achieved either by calcination at 550 °C for 4 h. 
 
3.3.3 Preparation of the ordered mesoporous carbon (OMC)  
 
1.0 g of HMS was loaded in to a ceramic sample boat; this was then placed inside a 
quartz tube located in a horizontally aligned tube furnace. Once appropriately sealed, 
an LPG flow was initiated at 50.0 mL min-1, and the furnace was ramped to 
temperatures between 600-800 °C using a heating rate of 1.67 °C min-1. After 90 min, 
the LPG flow was terminated and the furnace was cooled to ambient. The resulting 
mesoporous silica/carbon composite was refluxed with 50.0 mL of 1.0 M NaOH 
(Kimix, South Africa) at 75 °C for 3.0 h, and the mixture was continuously stirred to 
aid in dissolving the silica template. The product was rinsed with ultra pure water 
over a nylon membrane filter (0.45 μm pores, Whatman), until the pH was between 7 
and 8 as determined by pH paper. Finally the product was dried at 100 °C in an oven 
for 60 minutes.  
 
3.3.4 Preparation of the Carbon Nanotubes 
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CNTs were prepared according to Vivekchand et al., (2003) by pyrolysis of a 
ferrocene-toluene (20.00 g L-1) solution which mixture was fed into a quartz tube 
reactor at 900 ºC in the form of a fine nebulised spray generated by ultrasound.  Ar 
was used as the carrier gas at a flow of 500 cm-3 min-1. The nebuliser frequency was 
1.6 MHz and the total reaction time was 45 min (Pinault et al, 2005). A further 
sample of CNT was synthesized under the same conditions, by the nebulised spray 
pyrolysis of a solution of ferrocene in benzene. The prepared CNTs were collected 
and about 0.2 g of CNTs were weighed out and placed into a round bottomed flask 
fitted with a thermostat and thermometer, where after 100 mL mixture of a sulphuric 
acid-nitric acid (2:3 ratio by volume of concentrated sulphuric acid (98 %) and 
concentrated nitric acid (55 %), was carefully added into the flask. The CNTs were 
heated under reflux for three hours in this solution, where after the mixture was 
cooled down and filtered using a Buchner apparatus. Acid treatment of CNTs was 
used to break up bundles, to reduce their length and remove metal impurities present 
from the catalyst used during synthesis. The CNTs were recovered upon a filter 
paper, washed until the rinse water had a pH of between 6 and 7 as determined by 
indicator paper and then dried at 100 °C overnight.  
 
3.3.5 Characterization 
 
The methods described below provide a fairly comprehensive overview of the 
analyses and measurements that were undertaken during this study. However, it 
should be noted that not all measurements and analyses were done on every sample. 
Many experiments were undertaken to investigate the effect of an altered parameter 
on only one or two variables (e.g. crystallinity, activity, etc.). Full analysis of all 
samples would therefore be unnecessary and costly. The various analytical techniques 
and are described in more detail in each chapter where applicable.  Crystal/atomic 
structure and metal particle size was determined by X-ray Diffractometry (XRD, 
Bruker AXS D8 Advance, Cu Kα (λ = 1.5418), 0.05 degrees min-1). Qualitative 
crystallinity and crystal symmetry was determined by Selected Area Electron 
Diffraction (SAED, Hitachi H-800 EM, 200 kV, 20 μA). Surface micro- and 
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macrostructure, and degree of agglomeration were determined by High-Resolution 
Scanning Electron Microscopy (HRSEM, Zeiss Ultra 55 Field Emission – In-lens 
detection, 30 kV, 80 μA). Aggregate particle size and distribution was determined by 
Non-Invasive Beam Scattering (NIBS, Malvern HPPS, ethanol/water dispersant, 0.1 
mg L-1, 25 °C). Metal particle size, particle size distribution, metal surface area, and 
metal dispersion/agglomeration were established by Transmission Electron 
Microscopy (TEM, Hitachi H-800 EM, 200 kV, 20 μA) and total surface area and 
porosity by N2-adsorption at -196 ºC (77 K) (Micromeritics ASAP 2010, 20 mg 
sample). Topography and surface elemental distribution of electrocatalyst cast-films 
was studied using Particle-Induced X-ray Emission Spectroscopy (micro-PIXE, 
Oxford, 3 MeV).  Topography and surface activity of electrocatalyst cast-films was 
studied with Scanning Electrochemical Microscopy (SECM, Uniscan Instruments 
SECM 270, 0.005M H2SO4 electrolyte, separation - 5μm, raster speed - 5μm s-1). 
Thermal stability was determined with Thermogravimetry (TGA, Rheometric 
Scientific STA 1500, N2 - 50 mL min-1, 25 – 850 °C, 15 °C min-1). Surface oxidized 
species (metal chemical state) were analyzed using Temperature-Programmed 
Reduction (TPR, Micromeritics Autochem 2910, 25 mg sample, -80 – 900 °C, 15 °C 
min-1, H2/Ar - 50 mL min-1). Electro catalytic activity was compared using Chrono 
Voltammetry or Cyclic Voltammetry (CV),  using the Autolab PGSTAT 30, or BAS 
100 electro-analytical systems). Rheology of inks was determined using an Anton 
Paar Physica MCR 300 system. Hall mobility and resistivity was measured using a 
Lakeshore 775 HMS Matrix Hall measurement system. Further details of 
experimental set-ups will be specified where applicable in each chapter. 
 
Operating parameters utilized during the characterization of materials prepared in this 
study were as follows: The X-ray diffraction spectra were obtained using a Phillips 
X-ray diffractometer fitted with a copper tube of Kα radiation of wavelength λ = 1.54 
Å.  Operating parameters of the XRD were: Scanning range 4-47 °2θ; Step size 0.1 
°2θ; Time constant 1 s; Preset 1000 counts s-1; Voltage 40 kV; Current 25mA; Anti-
scatter slit 1°. 
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Scanning calorimmetry, namely specific heat capacity, phase transitions and heat of 
reaction (endothermic and exothermic) as well as thermo gravimmetry including 
thermal decomposition and volatile content was performed using a thermal analyser 
(STA thermal analyzer TGA/DTA/STA (gravimetric/calorimetric) by Rheometrix). 
Approximately 50 mg of as-synthesised, washed and dried sample was equilibrated at 
40 °C for one hour in flowing N2 (30 mL min-1) in the thermal analyser. Thereafter it 
was heated to the specified temperature at 10 °C min-1 in flowing N2 (30 mL min-1) 
and held at this temperature for the required time. 
 
The composition and % metal loading was determined using EDS. The 40 kV Hitachi 
X650 SEM that was used for obtaining micrographs, was equipped with a Phillips 
EDAX Energy Dispersive System utilizing a detector with a super ultra thin window 
offering a resolution of 139 eV. Another instrument, the LEO S440 Analytical SEM, 
fitted with a KEVEX detector was used to confirm analysis. This instrument was 
fitted with a berylium window and the operational conditions were an accelerating 
voltage of 20 kV, and a working distance of 25 mm. Analysis was performed upon 
carbon coated samples mounted upon aluminium stubs using colloidal glue mixed 
with conductive carbon. 
 
Scanning electron micrographs (SEM's) were obtained using a 40 kV Hitachi X650 
SEM capable of a 10 nm resolution. This instrument was used to determine the 
approximate particle size, morphology and elemental composition (using energy 
dispersive spectroscopy (EDS)) of the zeolite crystals. The samples were mounted on 
aluminium stubs, that had been covered with a mixture of water based glue and 
colloidal carbon. Thereafter, the samples were coated with a thin layer of Au (carbon 
samples OMC and CNT were not coated). Operating parameters of the SEM were: 
Accelerating Voltage 15 keV; Aperture 30; Tilt Angle 30°; Resolution 9; Working 
Distance 10 to 20 mm. High-Resolution Scanning Electron Microscopy (HRSEM) 
was performed using the Zeiss Ultra 55 Field Emission with In-lens detection, at 30 
kV and 80 μA. 
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The Transmission electron microscope (TEM) was used to determine the structure, 
size or morphology of materials. All prepared samples were viewed and 
photographed at 200 kV in a Joel 200CX microscope, after immobilization in resin 
followed by microtomy to prepared ultra thin sections that were mounted upon 
copper grids. High resolution transmission electron micrographs (HRTEM) were 
taken using a Tecnai G2 F20 X-Twin (FEI company, Eindhoven, the Netherlands).   
 
Fourier Transform Infrared spectroscopy (FTIR) has been extensively used to 
characterise zeolites before and after post synthesis modifications.  This method of 
characterization is very useful for identifying the different functional groups as well 
as to characterize acid sites. The spectral analysis from FTIR spectroscopy can be 
used to identify specific molecular groups that occur within the solid or crystal that 
has being formed e.g. Si-O bond stretching are found to be in the range 700 to 1100 
cm-1. Mid-IR spectra of zeolites in the range 1400-200 cm-1 are generally used for the 
investigation of the framework properties of zeolites. Dried zeolite samples were 
prepared for scanning by mixing about 0.08 g of dried sample with KBr in a ratio of 
1:100. This mixture was finely ground, dried at 100 °C and then pressed into a disc. 
 
Nitrogen porosimetry using a Micromeritics ASAP2000, was used to determine pore 
size distribution and surface area of selected samples. Approximately 0.5 g sample 
was dried at 120 -200 °C until a vacuum of 5mm mercury could be obtained. 
Thereafter the nitrogen adsorption experiment was commenced. The amount of 
nitrogen adsorbed at LN2 temperatures, saturation pressure of N2 (local atmospheric 
pressure), the partial pressure of N2 over the sample (30% local atmosphere) and 
sample weight were used to calculate total surface area, by the Brunauer, Emmett, 
and Teller (BET) method. The mesopore surface areas were determined from the BJH 
desorption curves and represent the intracrystalline mesopores between 20-500 Å.   
 
The TPR analysis was performed by flowing an analysis gas (hydrogen in an inert 
carrier gas such as nitrogen or argon) through ~0.5 g sample, at ambient temperature. 
While the gas is flowing, the temperature of the sample was increased linearly with 
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time and the consumption of hydrogen by adsorption/reaction was monitored. 
Changes in the concentration of the gas mixture downstream from the reaction cell 
were determined. This information yielded the volume of hydrogen uptake. 
 
3.4 RESULTS AND DISCUSSION  
 
3.4.1 Characteristics of zeolite FAU 
 
The micropore structure and pore size of commercial zeolite FAU (CBV400) was 
confirmed with HRTEM as shown in Figure 3.2 and 3.3. 
 
Figure 3.2 HRTEM of zeolite FAU and general crystal structure  (Inset SAED) 
10 nm
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Figure 3.3 HRTEM image of FAU with pore orientation 
 
The best crystal orientation observed in the HRTEM images is [110], where the pores 
are lying in line (Figure 3.3). Analysis of the grey scale of the marked area in Figure 
3.3 along one axis is presented in Figure 3.4, which shows the intensity of the 
grayscale tone on the y-axis. The dimension of this intensity fluctuation gives another 
means of probing the pore size which is analyzed to be 0.77 nm. 
 
Figure 3.4  Analysis of pore size of zeolite FAU 
 
The HRTEM of zeolite FAU (Figure 3.2) showing the regular angstrom sized pore 
array and ordered crystalline structure, highlights the potential to use the three 
dimensional surface area as a substrate to disperse and stabilize the metal 
electrocatalyst. The measurement of the enlarged image (Figure 3.3) confirms the 
CHAPTER 3 
___________________________________________ 
 67
pore size is roughly 0.77 nm which is further substantiated by the analysis of the pore 
size (Figure 3.4). X-ray analysis by EDS (Figure 3.5) shows the composition of FAU 
is Si, O, Al, with high Si/Al ratio (this sample was dealuminated). The trace of carbon 
possibly comes from the supporting film underneath. 
 
Figure 3.5 X-Ray analysis (EDS) of composition of zeolite FAU  
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Figure  3.6 XRD of commercial FAU (CBV400) 
 
The XRD of the commercial zeolite FAU shows the typical peak at a low angle of 6 
°2θ that defines the pore width of 7.7 Å as was confirmed by the HRTEM images and 
measurements. Other peaks define the complex geometry of the unit cell lattice 
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framework as was graphically shown in Figure 3.1 and confirmed by Eva software 
(JCPDS library supplied with instrument). 
 
Figure 3.7 Thermal analysis of zeolite FAU 
 
Thermal analysis (Figure 3.7) shows the thermal stability of the zeolite framework 
and the high capability of the zeolite to adsorb moisture, with about 26 % mass loss 
up to 600 ºC due to the high moisture content of this hydrophilic zeolite type. The 
high adsorption capacity for moisture as was observed from thermal analysis as well 
as the regular porosity  visible in the HRTEM images show the high void space in the  
host zeolite pores, which space is available for the incorporation of metal species. 
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Figure 3.8  FTIR spectrum of FAU  
 
The FTIR spectrum (Figure 3.8) shows the framework structural bands typical of 
FAU in the region below 600 cm-1 as well as the silicate ring structures typical of 
zeolites between 1000 and 1200 cm-1. Mid-IR spectra of zeolites in the range 1400-
200 cm-1 are generally used for the investigation of the framework properties of 
zeolites. The vibrational frequencies of zeolite framework are mostly found to be 
between 300 cm-1 and 1200 cm-1 for the crystalline zeolite structure. Various bands 
visible in the spectrum can be assigned to the following species according to Bass and 
Turner (1997) 
 
Table  3.1 FTIR spectra for Silicate assignment (after Bass and Turner, 1997) 
Wavenumber (cm-1) Assignment 
900-850  monomeric silicate species   
885  small SiO- 
985 (Monomer +trimer,dimer and tetramer) = Q1 
950-910 Monomer dimer. 
1000-1010 Mainly linear molecules 
1050-1020 SiO-1 cyclic anions 
1070-1030 Q2 (3R) rings 
1120-1050 Q3 (3R) , Q2 (4R) and linear Q2  
1300-1100 Polymer 
975,920,850 Monomer alkaline silicates 
900-650 Water band 
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Zeolites are well known as ion-exchange materials (Somerset et al., 2005) and acid 
catalysts (Petrik et al., 1995) and their acid sites promote the stabilization of metals. It 
has also been demonstrated that zeolites can be hydrothermally grown directly onto 
carbon substrates (Smith et al., 1995; Petrik, 2003) which would facilitate their 
incorporation onto a conductive substrate such as a carbon fibre gas diffusion 
electrode. Therefore these zeolite materials may be suitable high surface area, three 
dimensional substrates for preparing dispersed Pt electrocatalysts as is further 
described in Chapters 4 and 5. 
 
3.4.2 Characteristics of mesoporous substrates 
 
3.4.2.1 Ordered mesoporous silica and carbon 
 
Carbonization of the parent silica substrate, HMS by pyrolysis with LPG using a 
CVD technique was performed (Petrik et al., 2008). The CVD technique was applied 
to infiltrate the mesoporous pores with carbon and thus use HMS as sacrificial matrix 
for preparing a mesoporous carbon. Figure 3.9 shows the STEM/ESB micrographs of 
parent HMS silica template before (Figure 3.9 (a)) and after carbon infiltration using 
CVD (Figure 3.9 (b)), and the new ordered mesoporous carbon (OMC) material 
(Figure 3.9 (c)) obtained after removal of the silica based template with NaOH 
etching. It was first established that the Si matrix can readily be dissolved by use of 
1M NaOH. The sample after LPG carbonization contained between 78 % and 89 % 
carbon by EDS analysis for carbonization times ranging from 15 min to 90 mins 
respectively, thus the pores were readily filled with carbon as can be seen in Figure 
3.9 (b) showing a HMS sample carbonized for 90 minutes. The structural matrix of 
the HMS with pores occluded by carbon in-filling, is visible in the micrograph. 
Although LPG infiltrated the template HMS and began to decompose to carbon 
species at 600 ºC and 700 ºC there was no formation of the graphitic OMC at these 
temperatures, whereas a temperature of 800 °C and 90 minutes exposure to the LPG 
flow was successful to produce OMC. Shorter times allowed carbonization of the 
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substrate surfaces. The ordered mesoporous carbon (OMC) obtained after dissolution 
of the Si matrix (Figure 3.9 (c)) had a significantly smaller particle size than the 
parent HMS as the carbon deposited by CVD occupied the pore voids of the HMS. 
The ordered wormhole porous nature of the OMC analogous to HMS is visible in the 
HRTEM image presented in Figure 3.9(d). 
(a) HMS silica template (b) HMS infiltrated with carbon 
(c) OMC analogue after removal of silica 
template 
(d) HRTEM of OMC showing wormhole 
pore structures analogous to HMS 
Figure 3.9 STEM/ESB and HRTEM images of mesoporous substrates 
 
XRD spectra of the sacrificial template HMS, the carbon infiltrated HMS, and the 
OMC analogue recovered after removal of silica template are shown in Figure 3.10.  
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Figure 3.10 XRD of HMS, HMS in-filled with carbon and OMC analogue  
 
The XRD of the HMS template is devoid of any characteristic sharp peaks at 
relatively high angles, which is typical for this material (Figure 3.10) (Pauli and 
Pinnavaia, 2001). The OMC had well defined peaks at 2 θ values of 7.39°, 25.3° and 
43.5°. The 2 θ values of peaks appearing at 25.3° and 43.5° are ascribed to the (002) 
and (101) diffraction peaks of graphitic carbon in the OMC pore walls. The d002 
spacing obtained from the (002) peak is 3.38 Å, which is very close to the d spacing 
of ideal graphite (with d002 = 3.35 Å). The peak at 12.64° has not been observed 
previously for the periodic structures of OMC’s. This peak is attributed to C(004). 
This peak at an angle of 12.64° is a further indication of an ordered graphitic carbon 
framework appearing at periodic intervals. 
 
Figure 3.11 shows the low angle XRD between 0 and 8 º2θ of the OMC analogue 
after removal of silica template with an inset of the SAED of the OMC, showing its 
graphitic crystalline nature. Peaks between 0º - 5º 2 θ were observed during low angle 
XRD scans (Figure 3.11) done between 2θ values of 0.50° and 9.9° 2 θ at a step size 
of 0.0330° for both HMS and OMC. These peaks are indicative of regular 
mesoperiodicity which is a feature of mesoporous materials with pores in the 
nanometer region. The low angle XRD peak (Figure 3.11), for the silica HMS 
template was at 2.4 ° 2 θ with a d-space centred at 3.6Å and that of the OMC at 1.83° 
2 θ with a d-space at 4.8Å.  The XRD pattern of the OMC thus shows the typical low 
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angle XRD peak indicative of the average pore–pore correlation distance for a 
mesoporous material. 
Figure 3.11 Low angle XRD of HMS and OMC analogue (inset SAED of OMC) 
OMC 
HMS 
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Degrees 2 theta 
Intensity  
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Hence, this OMC material has XRD definable periodic pores and pore walls 
containing graphitic carbon. The XRD peaks indicate that the OMC pore wall formed 
by carbon deposition in the pores of the parent Si template during infiltration of LPG 
in the CVD treatment at 800 °C. The infiltrated carbon was successfully converted 
thermally to graphitic carbon. The presence of graphitic peaks was also observed in 
the XRD pattern upon infiltration of HMS by carbon (Figure 3.10). The low angle 
XRD peaks (Figure 3.11), for the silica template and the OMC, confirm the existence 
of pores in the nanometer region. The OMC pore organization is suggested to be an 
inverse analogue of HMS which has a wormhole structure with average framework 
pore sizes in the range 2.9 to 4.1 nm with a porewall thickness of 1 nm (Pauli and 
Pinnavaia, 2001). Because the pore walls of OMC were created by carbon deposition 
in the pores of HMS, the pore-pore distances reflect similar dimensions as the HMS 
template pore wall. The graphitic structure of the OMC was confirmed by Selective 
Area Diffraction (see inset Figure 3.11 (b)). Clear and sharp rings that indicate a 
crystalline material were observed in the SAED micrographs obtained on the OMC. 
The XRD and SAED illustrate that the LPG infiltrated the HMS template during 
CVD, and was thermally decomposed to a crystalline, graphitic form of carbon, 
which formed an independent and structurally robust mesoporous material after 
removal of the silica template.   
 
The porosity of the OMC and parent HMS as well as MCM-41 was further confirmed 
by N2 adsorption/desorption at -196 ºC using an Accelerated Surface Area and 
Porosity apparatus (ASAP 2010, Micromeritics). N2-adsorption-desorption isotherms 
of zeolites, MCM-41, and HMS are typically of the type IV isotherm. Thus an 
increase in N2 adsorption (within the P/P0 range between 0.2 to 0.4) corresponds to 
capillary condensation within uniform pores. The sharpness and the height of this 
step reflects the uniformity of the pore size and the pore volume respectively (Grün et 
al., 1999). Prior to analysis, 0.2 g of powder was degassed at 200 ºC and 200 mmHg 
for 12 h. The adsorption isotherms of nitrogen were collected at -196 ºC using 
approximately 20 values of relative pressure ranging from 0.05 to 0.99. (Figure 3.12).  
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Figure 3.12 The N2 adsorption/desorption at -196 ºC of the HMS, HMS in-filled with 
carbon and the OMC 
 
The N2 adsorption/desorption at -196 ºC showing the sorption isotherm plots of the 
HMS, HMS in-filled with carbon and the OMC are shown in Figure 3.12.  Since the 
surface area of HMS infilled with carbon is still quite substantial, the degree of 
infiltration of LPG into the pores may have been limited, because a measureable pore 
size exists in the carbon in-filled template HMS. After removal of the silica template 
to produce the OMC the increase in surface area, to values similar to that of the 
parent mesoporous material is unambiguous proof that the HMS Si template was 
mainly removed and an ordered mesoporous carbon structure analogous to HMS was 
produced.  
 
EDS analysis on the HMS silica template before and after carbon infiltration using 
CVD, and after removal of the silica template, showed a progressive decrease in the 
Si and O peaks, and an increase in the carbon peak. EDS characterization verified the 
successful removal of the silica template; however, the final OMC did contain traces 
of silica thus the removal of the silica template was not 100% complete and the 
porosity of the OMC was lower than the HMS. This is probably due to a degree of 
silica occlusion within small areas that are inaccessible during the NaOH dissolution 
denoting some structural collapse of the OMC or amorphous regions present in the 
parent HMS material.  
CHAPTER 3 
___________________________________________ 
 76
The use of a silica based mesoporous template HMS in the CVD system thus resulted 
in the successful penetration of the precursor LPG into the HMS template. Thermal 
decomposition of the precursor LPG produced a structurally stable and well ordered 
mesoporous carbon in a single step. An additional advantage to this method is that the 
OMC produced is mainly graphitic, thus there is no need for any additional 
graphitization steps.  
 
The silica based MCM-41 mesoporous material was also characterized by nitrogen 
adsorption at -196 ºC. Figure 3.13 shows the N2 adsorption–desorption isotherms at -
196 ºC of the MCM-41 which exhibits type IV isotherms with narrow hysteresis 
loops, which is characteristic of mesoporous materials with pore diameter in the 
range 2.0–4.0 nm. There is no sharp rise in N2 uptake as the pressure reaches 
saturation (P/P0 is near1), which indicates that no macroporosity exist in the material. 
 
Figure 3.13 Nitrogen adsorption-desorption isotherm of MCM-41 
 
The BET surface area of MCM-41 was 1108.9 m2g-1.  The material has a narrow 
mesoporous distribution (Figure 3.14). The pore distribution is in the range of 1~4 
nm, centred at 1.5 nm. 
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Figure 3.14 Pore distribution of MCM-41 (From incremental BJH desorption data) 
 
The new graphitic mesoporous OMC material as well as HMS and MCM-41 can thus 
be considered as suitable high surface area, three dimensional, substrates for 
stabilizing the nanophase Pt electrocatalysts. The OMC material has the advantage of 
being conductive and this material was further characterized and applied to support Pt 
and tested as electrocatalyst as is specified in Godongwana (2006) and Petrik et al. 
(2008). HMS and MCM-41 were applied as supports for nanophase Pt and Au to 
form composite nanophase electrodes by sequential deposition, as is further detailed 
in Chapter 5. 
 
3.4.2.2 Characteristics of Carbon nanotubes 
 
The aim of preparing the CNTs and treating them by acid washing was to investigate 
the feasibility of using carbon nanotubes as supports for platinum as electrocatalyst in 
electrochemical processes. Chapter 4 details a method for dispersing metals such as 
platinum upon the CNT. Two samples of CNTs synthesized under the same 
conditions by the nebulised spray pyrolysis of a solution of ferrocene in toluene or 
benzene were used. Sample 1 was obtained from the ferrocene-toluene mixture while 
sample 2 was obtained by using a ferrocene-benzene solution.  
 
Both samples were characterized by TGA and XRD. The XRD results (Figure 3.15) 
showed the possible presence of small quantities of amorphous carbon (indicated by a 
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broad low intensity peak at 15 º2θ) in the case of CNT Sample 1 while CNT Sample 
2 showed no such peak, thus the use of benzene as carbon source in the synthesis of 
CNTs may have resulted in a more fully crystalline material. 
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Figure 3.15  XRD spectra of CNT samples prepared using toluene or benzene  
 
XRD shows typical and highly crystalline graphitic carbon peaks at values of 25.6 
º2θ (d-spacing of 0.336 nm) and 43.7 °2θ with miller indices (002) and (101) 
respectively, indicating the presence of a significant graphitic phase (Figure 3.15). 
These peaks are much more intense than the similar peaks observed for the 
mesoporous carbon analogues. The slight shift in peak positions of the one sample 
relative to the other could be due to an artifact caused by sample holder packing since 
it was difficult to press the CNT flat. The peak centred at 14.5 °2θ visible in CNT 
Sample 1 could also be indicative of structural ordering at planar spacings at around 
3-5 Å that may relate to the internal pore diameter or pore wall thickness for CNT 
Sample 1 whereas CNT Sample 2 did not have a distinct peak in this area and may 
thus not have an internal pore. Based upon this premise, CNT Sample 1 (prepared 
with toluene) was further characterized and used as support. Other peaks visible 
above 50 °2θ may be due to the ferrocene catalysts used to prepare the CNT.  
 
TEM micrographs (not shown) of un-treated carbon nanotubes, and acid treated 
carbon nanotubes indicated that the CNTs prepared by spray pyrolysis were not 
uniform in dimensionality. However, this should not be a problem in the application 
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of these materials as catalyst support, since uniformity of the support is not a critical 
requirement. The HR TEM images (Figure 3.16) show that the CNTs prepared by 
nebulized spray pyrolysis using ferrocene-toluene were multi-walled CNTs. The acid 
treatment was sufficient to remove the metal ferrocene catalyst to a significant degree 
but not completely.   
a) Multiwalled CNT with imperfect pore 
walls 
b) Fe impurity in CNT 
Figure 3.16 HRTEM images of acid washed CNT prepared by ferrocene-toluene 
method  
 
The acid washing may have damaged the CNT pore wall to a degree as can be seen in 
the HR TEM images Figure 3.16(a). HR TEM (Figure 3.16 (b)) and EDS X-ray 
analysis (Figure 3.17) showed that traces of Fe catalyst remained in the ferrocene-
toluene CNT, hence the acid washing technique used was not sufficient to remove all 
the metal catalyst impurity.  
5 nm 5 nm
CHAPTER 3 
___________________________________________ 
 80
 
Figure  3.17 X-ray analysis (EDS) of CNT 
 
Figure 3.18 Thermal analysis of CNT  
 
The TGA of the CNT sample (Figure 3.18) shows the typical thermal degradation of 
graphitic carbon above 500°C. No mass loss was observed below this temperature 
indicating that this material was pure and had no amorphous carbon intermixed with 
the graphitic CNT.  The CNT were processed into a mat or felt as is shown in Figure 
3.19 by means of filtering the CNT in solution (Section 3.3.4), which material is 
termed “CNT paper” in the rest of the study. 
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Figure 3.19 SEM of CNT processed into a CNT paper 
 
The SEM of CNT processed into CNT paper (Figure 3.19) shows that the void spaces 
or “pores” between the matted CNT fibres are in the order of microns, which void 
spaces thus form macropores, through which pores gas diffusion could take place. 
The CNTs in turn have an internal mesopore structure which was evident in the 
HRTEM (Figure 3.16). Hence this processed CNT material contains mesoporosity 
but is simultaneously a suitable macroporous conductive support once it is converted 
into a CNT paper.  The electrical conductivity as well as the resistance of the carbon 
nanotube sample processed into the form of CNT paper was initially investigated by a 
4 point resistivity technique using a Hall measurement system (Ecopia HMS 3000, 
Korea).  
 
Table 3.2 Resistance measurements of CNT paper  
Buckey Paper    
Current (mA) V1(mV) V2(mV) V3(mV) R1(Ω) R2(Ω ) R3(Ω ) 
1.000 0.03 0.033 0.033 0.0300 0.0330 0.0330
2.000 0.06 0.066 0.066 0.0300 0.0330 0.0330
3.000 0.089 0.099 0.099 0.0297 0.0330 0.0330
4.000 0.118 0.132 0.132 0.0295 0.0330 0.0330
5.000 0.15 0.164 0.164 0.0300 0.0328 0.0328
6.000 0.197 0.197 0.197 0.0328 0.0328 0.0328
 
The CNT paper had a low resistivity of approximately 0.033 Ω which was not as low 
as the typical graphite resistivity that ranges from 9 to 40 µΩm, thus these CNT may 
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not be fully graphitic. The potentials ranged between and 0.03 and 0.197 mV at an 
applied current between 1 and 6 mA respectively showing the high conductivity of 
the paper prepared from CNTs. This CNT paper material was used to stabilize Pt 
nanophases and bimetallic nanophases as is described in Chapter 4 and CNT paper as 
well as CNT paper with Pt incorporated is further characterized using the Hall system 
as is described in Chapter 6.  
 
3.5 CONCLUSIONS  
 
Zeolite FAU obtained from a commercial source was characterized by HRTEM, 
FTIR, XRD, and TGA and shown to have high porosity on the Angstrom scale, with 
pore sizes in the region of 7 Å, and high crystallinity and thus should be a suitable 
substrate for the high dispersion of the active Pt metal phase to prepare nanophase 
electrocatalysts. 
 
LPG was used as a carbon source in the successful pyrolytic synthesis of 
nanostructured ordered mesoporous carbon materials with graphitic character. The 
use of a CVD system resulted in the successful penetration of the carbon precursor 
into the silica based template and subsequent thermal decomposition of the carbon led 
to a well ordered carbon mesoporous structure that was recovered after dissolution of 
the silica template. An advantage to this method is that the carbon produced was 
graphitic, thus there is no need for any additional graphitization steps. The low angle 
XRD peak, observed for the HMS silica precursor and also the resulting OMC 
analogue of HMS, is a typical feature of mesoporous materials with pores in the 
region of 2-3 nm, and the porosity of the OMC was confirmed by N2 adsorption. 
Selected area diffraction established that a crystalline graphitic material was formed 
in agreement with XRD results.  Thus the LPG infiltrated the pores of the HMS silica 
template, and thermally decomposed mainly to a crystalline form of carbon, which, as 
a result of the MHS porous template morphology, formed an independent and 
structurally robust ordered mesoporous carbon material analogous to HMS upon 
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removal of the silica template. The ordered mesoporous carbon analogue of HMS 
could thus be suitable as an electro-conductive, high surface area substrate for 
deposition and stabilization of metal nano-particles of electro-catalysts.  
 
The CNT produced by use of a ferrocene-toluene combination were utilized to 
prepare a felt or CNT paper with micron sized macropores which could be a suitable 
high porosity conductive electrode material to be used as a gas diffusion layer in a 
membrane electrode assembly or as a macroporous catalyst support. 
 
These 3 dimensional substrate materials were applied to support Pt and the resulting 
electrocatalysts were worked up into composite thin film electrode materials as is 
further specified in Chapters 4, 5 and 6. 
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4 PREPARATION AND CHARACTERIZATION OF 
ELECTROCATALYSTS SUPPORTED ON CNT  
 
This chapter, Chapter 4, focuses mainly on improvement of the catalyst / support 
interaction by high dispersion of the catalyst on the carbon nanotube (CNT) supports 
described in Chapter 3. Characterization of the benchmark commercial Johnson 
Matthey Pt40/C catalyst is also presented in Chapter 4.  
 
For water electrolysis, more conductive and more durable gas diffusion layers are 
required with a higher surface area and a finer fibre size that will form smaller 
macropores. The usual carbon cloth gas diffusion layers can possibly be substituted 
by use of CNT. The CNT fibres are much finer than the typical carbon cloth fibre and 
if processed into a mat or paper of interwoven fibres could be utilized as a 
macroporous support substrate for direct deposition of Pt nanoparticles, thus 
eliminating one intermediate step in processing. In other words, instead of supporting 
Pt on carbon black which must then be supported on carbon cloth using binders (as is 
detailed in Chapter 5), in this chapter it is detailed on the one hand how to support Pt 
on CNT and on the other to utilize a galvanic displacement reaction as deposition 
technique to deposit Pt directly on CNT which have already been processed into a 
paper that is suitable as a gas diffusion support substrate and characterize the new 
material. 
 
4.1 OVERVIEW OF CATALYST PREPARATION CONDITIONS 
 
Platinum Group Metal (PGM) nanophase catalysts play vital roles in fuel cell and 
electrolyzer technologies. To enhance catalytic performance and reduce operational 
costs of fuel cell PGM electrocatalysts particle sizes are decreased to the nanometre 
scale to increase the overall active surface area. As a result, physical and chemical 
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properties of the electro catalytic materials are altered compared to the original 
properties of the associated bulk materials. As particle sizes approach the atomic or 
Angstrom (Å) domain deviations in behaviour arise as the number of surface atoms 
becomes comparable to that of the interior of the particle. With decreasing particle 
size larger numbers of surface atoms can be found. The increase in the surface-to-
volume ratio is associated with an increase in the interfacial region and thus 
characteristics are different from interior atoms due to higher instability and reactivity 
of surface atoms that dictate the surface energy and the chemical behaviour of 
nanomaterials. Nanophase catalysts are applied in surface-sensitive reactions, where 
catalytic reactivity is a function of the exposed surface of the catalyst and the 
interface between the reactant and the catalyst. With the shift of PGM catalyst 
particle size into the nanometre domain the characteristics of altered electro catalytic 
properties (e.g. surface reactivity) gains significance because most nanophase PGM 
catalysts have a functionality based on their structural physico-chemistry (Marković 
et al, 2003). In electro catalysis, the greater the surface area of the material the greater 
is the decrease in the activation energy threshold and the greater is the catalytic 
activity. Geometry and electronic structure are strongly affected by decreasing the 
particle size.  Other changes in properties induced by size reduction to the nanoscale 
may include electrical resistance/conductivity, specific heat capacity, thermal 
expansion, magnetism, and lower thermal conductivity. Physical properties that may 
change upon reducing the particle size to the nanoscale include melting point, 
hardness, and tensile strength due to a change in the atomic environment of the 
material.  
 
Carbon supports are used to stabilize electrocatalysts that may be applied in PEM 
systems because the surface area of the catalyst is increased, and because it allows 
highly uniform and dispersed catalyst even at high loadings (<30 %) and provides 
sufficient electronic conductivity and chemical stability (Vielstich et al, 2003). 
Increase of catalyst stability to prevent agglomeration of small particles. For good 
catalyst stability it is necessary to achieve high utilization of precious metal by 
deposition of nanosized particles with high surface area to bulk ratio. Metals need to 
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adhere to surface of support for long lifetimes and the method of production should 
be economical and reproducible. The specific surface chemistry of the carbon support 
affects the chemistry of the metal ion/ atom fixation upon the surface of carbon black 
and the surface area of Pt can be increased with an increased surface area of the 
carbon support. Precipitation of the metal catalyst upon a support via a chemical route 
is common using aqueous solution of precious metals where the metal ions are 
precipitated by hydrolyzing and transformed to the metallic state using chemical 
reducing agents. Metal salts are common precursors. The Pt catalyst can be prepared 
from the chloride solution onto the conductive support at pH 7-9 using a strong 
reducing agent like formaldehyde. Other routes could be used such as metal sulphite 
oxidation with H2O2 to precipitate chloride free catalysts in a pH range of 8 or above. 
Powder catalyst materials should be designed specifically for the membrane electrode 
assembly process, which requires nano particle sizes that are well dispersed in inks, 
for adhesion, and tailoring of hydrophilic/hydrophobic properties, as well as cost 
reduction (M. Hampden et al., in Vielstich 2003). Standards are necessary for mass 
manufacturing, including scalability, reproducibility and quality.  
 
The size of nanophase PGM electrocatalysts raises significant challenges in 
stabilization. Transition and noble metals typically have high surface free energies, 
and therefore, small particles or crystallites tend to agglomerate to reduce their 
surface area. Stabilization of nanosize metal particles therefore requires deposition on 
the surface of supports providing favorable metal-support interactions. The smaller 
the particle the more its physical properties and morphology can be affected by these 
interactions (Allen et al., 2001). Therefore, the nature of the support material for a 
given metal also critically influences the catalytic properties of the metal particle. 
Supported metals are in a non-equilibrium state and therefore still tend to 
agglomerate at sufficiently high temperatures in reducing atmospheres. Solid 
supported catalysts are complex assemblies, the preparation of which is a challenging 
task. It is necessary to develop a fine conductive support matrix for nanoparticles 
deposition. The requirements of a support for an active electrocatalyst are rigorous. It 
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must provide structural, conductive, and durable support for the active metal 
particles.  
 
The nanoparticles should be well dispersed over a conductive and high surface area 
support. Metal nanoparticles are thermodynamically unstable and readily agglomerate 
through the attachment of particles at crystal edges or corners which promotes mass-
conservation and which increases the particle size distribution, decreasing the particle 
surface area available for chemical reaction. Aggregation is a result of van der Waals 
attractions existing between particles of similar composition. Aggregation alters the 
volume, particle size, particle size distribution, porosity and surface area of materials. 
Changes in surface area and volume by agglomeration or aggregation may influence 
the chemical reactivity of nanophase electrocatalysts (Simonov et al., 2003). Metal 
particle size is influenced by the preparation method and nature of the support 
material. High metal dispersion on the support material and decreased metal particle 
size generally result in increased catalytic activity whereas a broad metal particle size 
distribution may lead to inefficient metal utilization. Metal particle size distribution is 
largely influenced by the metal-support interaction and electrical charging of the 
particles has a significant effect on the predicted agglomeration rates (Allen et al., 
2001).   
 
By far the most common support materials used in PEM fuel cells are carbon blacks. 
As can be expected, increasing the surface area of the carbon leads to greater Pt 
dispersion at a given loading. Uchida et al. (1996) showed that Pt crystallite size 
decreased from 3.7 to 1.0 nm when the carbon surface area increased from 58 to 1500 
m2 g-1 for a series of 23 to 24 wt% Pt catalysts. Similarly, Tokumisu et al. (1999) 
reported that increasing the carbon surface from 60 m2 g-1 to over 1300 m2 g-1 resulted 
in the reduction of Pt particle size from 2.5 to 1.5 nm for 10 wt% catalyst. Various 
literature sources state that carbon black with particle sizes of 30-75 nm corresponded 
to a surface area of 250-300 m2  g-1 (Li et al, 2004; Prabhuram et al, 2004; Jordan et 
al, 2000). However, despite the increase in Pt surface area achieved by higher-area 
carbon support, the cited studies showed little effect of carbon support on catalytic 
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activity. It was suggested that both the Pt particle size effect and the interaction of the 
ionomer with the carbon support played important roles in determining activity.  
 
Carbon nanotubes are composed of cylinders in a helical hexagonal arrangement, 
closed at both ends by hemispherical endcaps. The continuous sp2 hybridization 
structure provides unique electronic characteristics. The structure of these cylinders 
can produce a special interplay between support and metal and could promote the 
activity of the electrocatalyst (Vogel, 1977). The unique electro-structure of CNTs 
has a better electronic conductivity than Vulcan XC-72. The electronic conductivity 
of Vulcan XC-72 on its own is 4.0 S cm-1 while that for CNT is 1250 S cm-1 (Li et al, 
2003).  
 
Commercially, carbon black is typically used as a support for Pt nanoparticles (Pozio 
et al, 2002). In the case of water electrolysis or fuel cells, after Pt is deposited on the 
carbon black, this composite Pt/C electrocatalyst still has to be deposited upon a 
substrate used as gas diffusion layer (GDL) that is typically made of carbon cloth. 
The GDL support should allow ingress of the reactant, water and egress of the 
product, air or H2 (Vielstich et al, 2003). The carbon cloth was found to be 
problematic as support (as is further described in Chapter 7) as it showed poor 
durability and disintegrated over time during the flow of water through the 
electrolysis cell, hence more durable GDL are necessary.  
 
Nanostructured carbon materials with graphitic structure, such as carbon nanotubes 
(CNTs) and carbon fibers were utilized as catalyst supports and platinum–ruthenium 
(Pt–Ru) nanoparticles were successfully deposited on the surface of SnO2 nanowires 
grown directly on E-TEK carbon paper (Pt–Ru/SnO2 NWs/carbon paper) by a 
potentiostatic electrodeposition method and applied for electrocatalytic oxidation of 
methanol (Saha et al., 2007).  
 
Qu and Dai (2005) reported a substrate enhanced electroless deposition (SEED) 
procedure of metal nanoparticles on carbon nanotubes. This procedure is a simple 
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galvanic displacement reaction and could facilitate the large scale production of 
nanoparticle coated carbon nanotubes. In the electroless deposition procedure only 
metal ions that have a reduction potential higher than the carbon nanotube can be 
reduced onto the carbon nanotube. According to Choi et al (2002) a single wall 
nanotube has a reduction potential of +0.5 V vs SHE (standard hydrogen electrode) 
and these authors were able to successfully deposit Pt (+0.775 V vs SHE) as 
nanoparticles through spontaneous reduction of the metal ions by the nanotubes. In 
the SEED procedure of Qu and Dai (2005) it is shown that metal ions even with a 
lower reduction potential than that of a conducting carbon nanotube can be reduced 
onto the support (Figure 4.1) without an additional reducing agent. In this reaction the 
nanotube acts as cathode for reducing the metal ion in solution whereas a chosen 
metal substrate (Cu) acts as anode where the metal substrate’s atoms are oxidized and 
displaced into solution (Wen and Yang, 2002). 
 
Figure 4.1 Schematic illustration of metal nanoparticle deposition on carbon 
nanotubes via the SEED process (after Qu and Dai, 2005) 
 
4.2 CHARACTERIZATION OF ELECTROCATALYSTS 
 
The size of nanophase PGM electrocatalysts raises significant challenges in 
determining the physico-chemical properties of these electrocatalysts. The analytical 
techniques (Section 3.3.5) that can be used to characterize the minimum set of 
physico-chemical properties of nanophases facilitates comparison between different 
electrocatalysts (Williams et al, 2008).  
 
substrate 
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e-   e- 
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Because it is not always feasible or practical to perform an exhaustive analysis of the 
materials, it is important to identify the minimum set of properties which have an 
influence on the catalytic behaviour of nanophase electrocatalysts.  The most 
important information regarding nanophase electrocatalysts is gathered in an 
electrochemical characterization study incorporating voltammetry. Nanophase PGM 
electrocatalyst producers, such as Johnson Matthey, rely on measurements of XRD 
particle size, lattice parameters, and metal surface area as a minimum set of 
properties required for characterization (Johnson Matthey, 2008). 
 
Scanning Electrochemical Microscopy (SECM) feedback mode and substrate 
generation-tip collection mode coupled with a chronoamperometric approach could 
be used to investigate H2 oxidation and hydrogen evolution reaction (HER) at a 
polyaniline coated highly oriented pyrolytic graphite (HOPG) electrode. Using the 
former mode, the heterogeneous electron transfer kinetics for H2 oxidation could be 
studied, while the latter mode allowed mapping of the distribution of local [H2] at the 
nanoparticulate/aqueous interface, followed by monitoring of the transients at the tip. 
These studies demonstrated that SECM was useful in evaluating the activity of 
nanophase electrocatalysts. The resolution of this technique is limited by the diameter 
of the scanning tip. If nanometer-sized tips or hydrodynamic microjet electrodes were 
employed where the mass transfer rate was high, it should be possible to investigate 
the ET kinetics more accurately (Ahmed et al., 2004). However, Williams et al., 
(2008) found that this technique was merely qualitative and did not allow 
comparisons to be made between the activities of different electrocatalysts. 
 
4.3 ELECTROCHEMISTRY BACKGROUND 
 
Cyclic voltammetry (CV) can be used to investigate the electro catalytic activity of 
fabricated electrocatalysts and plays an integral role in a comprehensive 
characterization of nanophase electrocatalysts (Steigerwalt et al, 2001; Jarvi et al, 
1998).  Cyclic voltammetry is used for studying the reversibility of electrode 
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processes and for kinetic observations, and sometimes for analytical purposes.  It 
gives information on the redox behaviour of electrochemically active species and on 
the kinetics of the electrode reactions as well as offering the possibility of identifying 
reactive intermediates.  It is based on recording the current during a linear change of a 
voltage at a stationary working electrode.  The working electrode serves as the 
surface where the electron transfer of redox reaction occurs.  The redox reaction 
occurs within the potential range defined by two chosen potential values and the 
potentials at which reduction or oxidation takes place provide qualitative information 
about the analyte of interest.  The application of an electrical applied potential to the 
working electrode makes the surface electrochemically act to oxidize or reduce, 
depending on the applied potential.  As the applied potential becomes more negative, 
the electrode becomes a better reducing agent.  As the applied potential becomes 
more positive, the electrode becomes a better oxidising agent (Williams et al, 2008). 
 
Generally the heterogeneous reaction rate taking place at the electrodes surface is 
described in units of mol per unit area per second by equation (4.1) 
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                                  (4.1) 
Where:   
i: current (amperes, A); F: Faradays constant, 96485.3 C; A : electrode surface area 
(cm2);  n : number of electron transfer; j : current density (A cm-2) 
 
CV can be used in the determination of the electrochemically-active surface area of 
carbon-supported nanophase Pt electrocatalysts. The method requires the hydrogen 
underpotential deposition (Hupd) region in the electrolysis of dilute acid on Pt. The 
Hupd region corresponds to Pt-hydride monolayer formation and removal near the 
reversible H2 potential (0.0 VSHE). The Hupd region consists of cathodic hydride 
adsorption and anodic hydride desorption surface reactions, which can generally be 
given as follows: 
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Hydride Adsorption: Pt + H+ + ē → Pt-Had 
Hydride Desorption: Pt-Had + H2O → Pt + H3O+(aq) + ē 
 
The hydride desorption peaks can be integrated to yield a charge (QH+), which is used 
to calculate the electrochemically-active surface area (Nart et al., 2003). This 
approach is based on the assumption that a complete monolayer corresponds to a 
surface charge of 210 µC cm-2. Voltammetric charge density, q* (mC cm-2) can also 
be determined by the mechanical integration of voltammograms (Hrussanova et al., 
2004). Therefore, voltammetric charge, q*, is the mean charge between the anodic 
and the cathodic branches. The charge measures the amount of protons exchanged by 
the oxide surface with the solution during the potential scan thus q* can be regarded 
as proportional to the active surface area of a catalyst.   
 
Several authors have compared electrochemical active surface area Pt/C catalysts by 
cyclic voltammetry. A review is given by Pozio et al., (2002). These authors note that 
the active surface areas (EAS) determined by cyclic voltammetric for the same 
commercial Pt/C catalyst in various studies were not similar. Various EAS values 
were obtained depending upon changes in the Pt loading (mg cm-2). The variation 
observed was also ascribed to the method of preparation of the catalyst layer in the 
gas diffusion electrode, where the binder Nafion or PTFE may occlude the catalyst; 
or to different catalyst loadings that may be obtained; or to variations in the Pt/C to 
Nafion ratios applied. The coulombic charge for hydrogen desorption was used by 
these authors to calculate the active Pt surface of the electrode. It was also observed 
that if the catalytic layer in the electrode became too thick the Pt utilization was 
limited as an increasing fraction of the Pt surface was occluded by the binder and 
carbon. Pt loading on the powder catalyst was determined from the Pt/C wt%.  
Amongst the recommendations made by these authors was that the catalysts should 
be tested preferentially without binders that could decrease the catalyst utilization 
values, that careful control of the Pt loading should be observed, and that a simple 
half cell, three electrode configuration using a geometric 1cm2 working electrode be 
used instead of a full cell configuration with a membrane electrode assembly. It is 
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time consuming and expensive to evaluate electrocatalysts applied in gas diffusion 
electrodes in working fuel cells or PEM electrolyzers and as Chapter 7 highlights it is 
not possible to decouple the activity of the electrocatalyst from numerous other 
parameters that influence the current density obtained. Pozio et al. (2002) noted that 
the presence of the inert gas flowing on the back of the electrode in a full cell 
configuration affected the hydrogen adsorption/desorption process during the CV 
measurements.  
 
Voltammetry can be used to determine thermodynamics and kinetic parameters of 
electron transfer across the electrode/film interface (Rusling et al., 2003). Using a 
sufficiently slow scan rate the polymer film can be exhaustively oxidized and the 
depletion layer extends to the film/solution interface where finite diffusion becomes 
important.  In the ideal case the dynamics of heterogeneous electron transfer across 
the electrode/film interface are fast enough not to influence the observed response. 
For surface confined species the peaks are Gaussian at slow scan rates and the 
separation of the oxidation and reduction peaks is ideally zero. The formal potential 
E0/ shows how readily the redox centres are oxidized within the polymer film. 
However it is important to distinguish between specific ion effects and changes in E0/ 
brought about by changing the electrolyte concentration. It is of importance to 
determine the rate of charge transport through the layer that affects the degree of 
oxidation or reduction of the metal centres (Rusling et al., 2003).  
 
Mass transfer is related to the movement of ions in solutions and in the quiescent 
electrolytes used in cyclic voltammetric experiments, is due to diffusion. Diffusion 
describes the mass transfer due to the random motion of ions and results from a 
gradient in the electrochemical potential (Bard and Faulkner, 2001). The diffusion 
coefficient can be described as a proportionality constant which relates the flux of 
ions to a concentration gradient and can be related to the availability of a reagent 
species to the surface reaction (International Union of Pure and Applied Chemistry, 
1997). 
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The Randles-Sevçik equation (Bard and Faulkner, 2001) may be used to determine 
the effective diffusion coefficient (DCT) corresponding to diffusion of electrons at 
relatively high scan rates.  
 
Ip=(2.69 X 105)n3/2ADCT1/2 Cv1/2       (4.2) 
 
Where C is the concentration of electro active sites in the film; v is the scan rate; n is 
the number of electrons transferred.  
The Randles-Sevcik equation can be used in determining the diffusion coefficient (D) 
of an analyte on an electrode surface and predicts that measured peak currents are 
proportional to the square root of the sweep rate applied. The peak currents from a 
series of voltammograms are usually recorded at increasing sweep rates. A plot of 
peak current versus the square root of the sweep rate is then prepared and a linear 
least squares analysis of the data performed to determine the slope. The slope and the 
Randles-Sevçik equation are then used to estimate the diffusion coefficient.  
The integrated charge required to form or remove the film can be measured using the 
potential interval ΔE, which is the difference between anodic and cathodic peak 
voltage,  
    ∫Δ= EidtQ        (4.3) 
Where  Q is the charge (C); i is the current (A), and t is time (s).  This gives the 
determination of the coverage of a film or determination of a true surface area of a 
roughened electrode (Plambeck, 1982; Riley and Thompson 1987)  
In some cases, where the oxidizing scan is switched before reduced sites at the films 
outer boundary are oxidized the voltammetric wave can show tailing characteristics 
that indicate semi-infinite linear diffusion (Rusling et al., 2003). 
Formal potentials (E0´) of catalysts are related to the potentials of electrochemical cell 
reactions and are simply the average between the anodic (EPA) and cathodic peak 
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potentials (EPC). The equation for the calculation of formal potentials is given as 
(IUPAC, 1997; 2005): 
 
E0´ = (EPA + EPC)/2                                (4.4)  
  
Iwuoha et al., (2006) showed that the electrochemical behaviour of polymer 
composites could be evaluated at high potential scan rates. Electrode transfer 
reactions at the electrode and accompanying physical or chemical processes that have 
rate constants comparable to the scan rates employed are discernible in the 
voltammograms. These authors identified quasi reversible electrochemistry as well as 
electron transfer reactions at the electrode coupled to a diffusion process where the 
anodic currents were higher than the cathodic currents and E0/ values shifted 
anodically with scan rate. Diffusion processes that may have been detected were 
charge transfer within the polymer or intra molecular charge transfer along the 
polymer backbone. Conductance is given by C=ΔIv/ΔEv where ΔIv is Ip(highest scan rate 
mVs
-1
)  –  Ip(lowest scan rate mV s-1) and ΔEv = Ep(highest scan ratemVs-1)  –  Ep(lowest scan rate mV s-1) 
according to these authors. The average value for all the redox states is the 
conductance of the material.  
 
In this chapter, Pt/C (commercial) was characterized and compared to several 
different home made Pt catalysts supported on CNT prepared by a galvanic 
displacement reaction. These electrocatalysts were evaluated for electrocatalytic 
activity using cyclic voltammetry after a minimum set of properties were established 
by HRTEM or SEM and in selected cases by some of the abovementioned methods. 
 
4.4 EXPERIMENTAL 
 
4.4.1. Materials 
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4.4.1.1 Benchmark catalyst 
The benchmark commercial catalyst used in this study was Pt catalyst HiSpec™ 
4000, 40% on carbon black with 39.74% Pt, 1.33% moisture, 3.54nm crystalline size, 
supplied by Alfa Aesar, a Johnson Matthey Company. (Stock #42204; Lot # J26P18 
or F01Q12). This catalyst will be referred to as JM Pt40/C.  Commercial carbon-
supported platinum (JM Pt40/C) fuel cell electrocatalysts containing 40% Pt served as 
a standardized, well-characterized model material of known properties. Its structural 
and chemical properties served as benchmark against which fabricated materials 
could be compared. Home made Pt/CNT catalysts were prepared as is further 
specified.  
 
4.4.1.2Carbon nanotubes (CNT) 
Carbon nanotubes (CNT) were prepared by nebulised spray pyrolysis as is described 
in Section 3.3.4. After acid washing a portion of the CNT were processed into a dense 
felt or “CNT paper” by vacuum filtration of a CNT suspension in deionized water 
onto a 45 µm cellulose acetate filter and in situ drying upon the filter in an adaptation 
of the method described by Vohrer et al., (2004).  CNT and CNT paper were used as 
substrates where specified, to support Pt upon the exterior of the CNT. 
 
4.4.1.3 CNT-supported Pt electrocatalysts 
The CNT-supported Pt electrocatalyst was prepared, using as substrate the CNT made 
by nebulized spray pyrolysis, which was then treated to Pt impregnation-reduction (Li 
et al, 2004; Zhou, 2003) by two different routes.  
 
In the first case, the pre-treated CNT were suspended in 1-propanol, H2PtCl6.6H2O, 
and treated with H2SO4. Pt was reduced by formaldehyde (Ying, 2005). Typically 
20.0 mL distilled water was added to 80 mL 1-propanol and made up to 100 mL in a 
volumetric flask as solvent. The volumetric ratio of distilled H2O: 1-propanol was 
1:4. Thereafter, 600 mg of pre-treated carbon nanotubes were placed in a 50 mL 
beaker to which 50 mL prepared 1-propanol solution was added and stirred 
magnetically for 0.5 h and ultrasonically for a further 15 min. 0.30g H2PtCl6·6H2O 
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was weighed out separately and dissolved in a portion of the prepared 1-propanol 
solvent solution. After the solute was efficiently dissolved, the Pt containing solution 
was transferred to a 50 mL flask and made up to the mark. The concentration of the 
solution was 20 mg mL-1. The 50 mL carbon nanotube containing flux was gradually 
dropped into the flask using a dropper. After mixing thoroughly, the solution was 
stirred for a further 12 h. The stirred H2PtCl6·6H2O solution was titrated with 1M 
NaOH, until the pH reached 12, and stirred for 1 h. An excess of 40 % formaldehyde 
(10 mL) was added to the solution in the flask and the flask was kept at 80 ºC for 0.5 
h to optimize the reduction reaction. Thereafter, the pH of the solution was readjusted 
to 2.5 using 1.5 M H2SO4. Throughout these steps the solution was protected with 
inert N2 gas while stirring continuously. Finally the solution was left at room 
temperature for 1 h before being filtered. The solid residue recovered after filtration 
was washed with distilled water and dried under vacuum at 70 ºC for 10 h. The solid 
Pt/CNT (propanol) sample was ground into a powder using a mortar and pestle. 
These CNT-supported nanophase Pt electrocatalysts (denoted Pt/CNT(propanol) were 
compared to JM Pt40/C  and to a new series of Pt CNT electrocatalysts prepared using 
a galvanic displacement technique (Table 4.1). 
 
In the second case a series of nanophase Pt electrocatalysts were made using a 
modified galvanic displacement technique based upon the approach described by Qu 
and Dai (2005). This approach aims to rapidly and very simply deposit the Pt 
electrocatalyst directly onto the gas diffusion layer (GDL) substrate CNT paper 
fabricated from the CNT prepared by nebulized spray pyrolysis. The method to 
directly deposit Pt onto preformed CNT buckey paper as GDL eliminated many steps 
in the processing of the electrocatalysts into composite form.  
 
The galvanic displacement series of catalysts (Table 4.1) were prepared in the 
following way.  
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Table 4.1 Details of galvanic displacement samples prepared using CNT and different foils as specified 
        CNT CNT Foil foil 
Foil 
type 
Sample 
No. 
CNT 
(g) 
Foil 
(g) 
Pt 
soln 
(mL) time
CNT final 
(g) 
Foil final 
(g) 
Mass 
increase 
(g) 
mass % 
increase 
mass decrease of 
foil (g) 
Mass % 
decrease 
Al 1 0.0072 0.2 5 10 0.008 0.156 0.0008 11.11 0.0002 0.128 
Al 2 0.0076 0.1 5 10 0.0081 0.1433 0.0005 6.58 0.0002 0.139 
Pb 3 0.0087 0.6 5 10 0.0102 0.5438 0.0015 17.24 0.0165 2.945 
Pb 4 0.0065 0.5 5 10 0.0073 0.5572 0.0008 12.31 -0.0107 -1.958 
Fe 5 0.0094 0 5 10 0.0093 0.0103 -0.0001 -1.06 0.0003 2.830 
Fe 6 0.0064 0 5 10 0.0063 0.0109 -0.0001 -1.56 -1E-04 -0.926 
Al 7 0.0089 0 5 10 0.0093 0.1628 0.0004 4.49 -0.1539 -1729.21 
Al 8 0.0066 0.1 5 20 0.0082 0.1475 0.0016 24.24 0.0003 0.203 
Al 9 0.0095 0.1 5 20 0.0106 0.1435 0.0011 11.58 0.0003 0.209 
Pb 10 0.0096 0.6 5 20 0.0113 0.5486 0.0017 17.71 0.0051 0.921 
Pb 11 0.0081 0.6 5 20 0.0097 0.5745 0.0016 19.75 0.0059 1.017 
Fe 12 0.0062 0 5 20 0.0072 0.0108 0.001 16.13 -0.0002 -1.887 
Fe 13 0.0068 0 5 20 0.007 0.0109 0.0002 2.94 -0.0007 -6.863 
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A specific size and weight of foil (Lead, Iron and Aluminium foil respectively) as 
specified in Table 4.1 was clipped tightly with a plastic covered paper clip to a pre-
weighed piece of CNT paper. The CNT paper was suspended into a chloroplatinic 
solution with specific molar concentration of 0.01 M (0.5216 g in 100 mL), for either 
10 or 20 min. All samples were made in replicate. Different times of deposition were 
followed for each foil so that there were two variables that were altered for each 
system- time of deposition and type of metal foil. The foils were selected on the basis 
of their reducing ability based upon the respective E ø (volts): 
 
Al: E ø = -1.66 (highest) 
Fe: E ø = -0.44 (intermediate) 
Pb: E ø = -0.13 (lowest) 
 
The progress of Pt deposition could not be followed electrochemically in a two 
electrode configuration as it was not possible to configure the system so as to acquire 
a current whilst not applying a potential. 
4.4.2. Characterization 
 
The analytical techniques applied for characterization included various of the 
following techniques. Crystal/atomic structure and metal particle size was determined 
by X-ray Diffractometry (XRD, Bruker AXS D8 Advance, Cu Kα (λ = 1.5418), 0.05 
º2θ min-1).  Crystallite size determination could be performed by measuring the 
broadening of a particular peak in a diffraction pattern associated with a particular 
planar reflection from within the crystal unit cell. Particle size is inversely related to 
the half-width at half maximum of an individual peak and the narrower the peak, the 
larger the crystallite size. This is due to the periodicity of the individual crystallite 
domains, in phase, reinforcing the diffraction of the X-Ray beam, resulting in a tall 
narrow peak. The breadth of the diffraction peak is related to the size of the crystals 
by the Scherrer equation as given below: 
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d = 0.9 λk / (B cosθmax)               (4.5)   
where  λk: wavelength (Cu-Kα, λ = 1.5406 Å); θmax: half the angle of diffraction 
(2θ);  B: radians. Typically the half-width at half-height of the diffraction peak is 
used for B which can be estimated as half the peak width on the diffraction spectrum. 
The size of a crystallite, d, giving rise to diffraction is inversely proportional to the 
width of the peak (Roe, 2000). Furthermore, the lattice parameter (α) can be 
calculated by the equation (4.6): 
αfcc = 21/2 λk / sinθmax                  (4.6)   
In addition, the metal Pt dispersion (D)  (Jordan et al, 2003) was calculated from  
d = 1.08 / D (nm)                           (4.7) 
Where, d: average Pt particle size obtained from XRD results. 
 Surface micro- and macrostructure, and degree of agglomeration were determined by 
High-Resolution Scanning Electron Microscopy (HRSEM, Zeiss Ultra 55 Field 
Emission – In-lens detection, 30 kV, 80 μA). Metal particle size, particle size 
distribution, metal surface area, and metal dispersion/agglomeration were established 
by Transmission Electron Microscopy (TEM, Hitachi H-800 EM, 200 kV, 20 μA) 
and total surface area and porosity by N2-physisorption (Micromeritics ASAP 2010, 
20 mg sample). 
  
Electro catalytic activity was compared using Cyclic Voltammetry (CV, Autolab 
PGSTAT 30, working - glassy carbon (0.07 cm2), reference – saturated calomel, 
counter – platinum wire basket. This method was used to initially characterize JM 
Pt40/C. Preparing thin cast films of Pt/CNT catalysts upon glassy carbon was not 
possible because of the difficulty of dispersion of CNT based materials for 
electrochemical testing. Therefore a testing technique using a paste electrode was 
developed. Comparisons of the commercial catalyst with the CNT-supported 
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nanophase Pt electrocatalyst (denoted Pt/CNT(propanol)) and the catalysts prepared 
using the galvanic displacement method were performed using the BAZ 100 
electrochemical workstation in  a three electrode sytem using a Ag/AgCl reference 
electrode and a Pt wire as counter electrode with an argon purged ClLiO4 electrolyte 
with conditions as set out hereunder and at each CV in the result section.  The series 
of Pt/CNT-BP catalysts were compared to the Pt/CNT (propanol) and the JM Pt40/C 
catalysts using this method. 
 
An impure synthetic graphite powder (Sigma Aldrich;1-2 µm; # 282863) or Ultrapure 
graphite powder (Alpha Aesar; -200 mesh; 99.9995% pure, synthetic conducting 
grade Stock #40797; Lot J02R042) were used to prepare paste electrodes. Ultrapure 
graphite was used in the series of CNT paper supported Pt/CNT catalysts.  
 
Table 4.2 Composition of paste electrodes 
 Graphite (g) Mineral oil (g) 
GRmix 0.0438  0.0040 
Sample GR mix (g) Pt catalyst (g) 
JM Pt40/C  0.0280 0.0030 
Pt/CNT(propanol) 0.0357 0.0025 
Pt/CNT-BP Sample 2 
GR02 series 
0.0245 0.0020 
Pt/CNT-BP Sample 3 
GR03 series 
0.0143 0.0014 
Pt/CNT-BP Sample 5 
GR05 series 
0.0173 0.0016 
Pt/CNT-BP Sample 8  
GR8 series 
0.0106 0.0017 
Pt/CNT-BP Sample 10  
GR10 series 
0.0438 0.004 
Pt/CNT-BP Sample 12  
GR12 series 
0.0124 0.0011 
 
A stock mixture (denoted GRmix) of ultra pure graphite and mineral oil was blended 
to a paste in a ratio of 10:1 in an agate mortar and pestle. There after the CNT 
supported catalyst was added to an aliquot of the paste in a 1:10 ratio, and thoroughly 
blended together by grinding in an agate mortar and pestle. The paste electrode void 
was loaded with the catalyst/paste blend.  The paste electrode surface was polished to 
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a smooth finish. A three electrode system was used in 5 mL of a 0.1 M Lithium 
Perchlorate  (ClLiO4) solution. The working electrode was the paste electrode, the 
counter electrode was a platinum wire, with a Ag/AgCl reference electrode. The 
system was purged with argon for 15 min prior to commencement of cyclic 
voltammetry and square wave voltammetry and the electrolyte surface was purged 
with argon subsequent to the start of experiments. 
 
4.5 RESULTS 
 
4.5.1 Characterization of electrocatalysts 
 
4.5.1.1 CNT paper 
Characterization of CNT was presented in Chapter 3. After purification and surface 
chemical modification by acid treatment, the impurities in CNTs were removed and 
little remaining Fe from the ferrocene catalyst could be detected by energy dispersive 
analysis (EDS). XRD analysis of pre-treated CNT showed that after acid washing the 
XRD pattern for CNT contained the four characteristic diffraction peaks for 
crystalline graphite, which are at 26.5, 42.4, 54.7 and 77.4° 2 theta, namely of (220), 
(100), (004) and (110) respectively. The acid washed CNT had a N2 BET surface area 
of  49 m2 g-1 of which only 4 m2 g-1 reported to the microporous internal area of the 
CNT’s as the surface area of CNTs are made up of inter-tubular pores and intra-tube 
pores. These acid washed CNT were processed into CNT paper (Figure 4.2). 
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Figure 4.2  SEM micrograph of CNT paper 
gas diffusion layer made from acid washed 
CNT 
Figure 4.3 SEM micrograph of Carbon 
cloth gas diffusion layer 
 
From SEM micrographs (Figure 4.2) it is visible that in the case of the prepared CNT 
paper the overall macroporosity of the gas diffusion layer is very significantly 
reduced and the external surface area of the gas diffusion layer is significantly 
increased because the CNT fibres are an order of magnitude finer than the carbon 
cloth (Figure 4.3) and the voids in between fibres much smaller. The use of the CNT 
paper as support substrate for Pt should promote an increase of the dispersion of the 
Pt electrocatalyst because of the much higher effective surface area that is available 
to support the catalyst. Moreover the contacts between phases necessary to develop 
the three phase boundary should be highly improved. 
 
4.5.1.2 Characterization of Pt electrocatalysts 
A comparison of the XRD spectra of Carbon black (Vulcan XC-72) with JM Pt40/C is 
shown in Figure 4.4.  
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Figure 4.4 Comparison of XRD spectra of Carbon black (Vulcan XC-72) with JM 
Pt40/C  
 
The XRD spectrum of carbon black (Vulcan XC-72) shows the typical peaks of 
graphitic carbon with major peak at 26.5° 2 theta, and less prominent peaks at 42.4, 
54.7 and 77.4 ° 2 theta, namely of (220), (100), (004) and (110) of face characteristic 
centred crystalline graphite. The broad peaks below 20 °2θ are due to an instrumental 
artifact and should be ignored. The XRD spectrum of JM Pt40/C shows remnants of 
the carbon peaks as well as peaks visible at 39, 46, 68, 82° 2 θ, namely Pt (111), 
(200), (220) and (311), indicating that the Pt structure was face-centred cubic (FCC) 
with interplanar spacing (Å) of 2.40 (111), 2.14 (200), 1.66 (220). From XRD the 
Bravais Lattice is face-centered cubic. According to literature the atomic radii (Å) of 
Pt is 1.38, the space-filling efficiency is 74 % (CCP), and the particle shape is a 
Cubo-octahedron with number of atoms 2300 – 2700 (Williams et al., 2008).  
 
 After Pt deposition upon the CNT via the propanol/formaldehyde route, thermal 
analysis showed that Pt/CNT (propanol) had high thermal stability with the only 
weight loss between 400 °C and 520 °C corresponding to the oxidation of carbon 
nanotubes. It was calculated by difference from TGA that the Pt deposited upon the 
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catalyst was 28.3 wt%.  Apart from the graphitic peaks that were visible in the XRD 
spectrum of Pt/CNT (propanol) (Figure 4.5)  at 26.5, 42.4, 54.7 and 77.4 °2θ, namely 
of (220), (100), (004) and (110) indicating face characteristic centred crystalline 
graphite, the characteristic but broadened Pt diffraction peaks were visible at 39, 46, 
68, 82 °2θ, namely Pt (111), (200), (220) and (311), indicating that the Pt structure 
was face-centred cubic (FCC) (Q.Ying, 2005).  The XRD results can be compared 
with that of JM Pt40/C (Figure 4.4). Generally, the broad Pt diffraction peaks 
observed from the diffractogram was due to the presence of nano particles of Pt 
dispersed upon the CNT.  
 
Figure 4.5  XRD spectra of Pt/CNT (propanol)  
 
Through calculation using the Scherrer equation, the XRD Pt particle sizes of the 
Pt/CNT (propanol) catalyst were found to be on average 2.6nm compared to 4.23 nm 
for JM Pt40/C. The values obtained for JM Pt40/C compared well to the manufacturers 
specification of 4.5 nm. Slight inconsistencies in particle sizing data was due to the 
Scherrer equation being developed for spherical particles, whereas many metal 
nanoparticles are cubo-octahedral in shape. XRD was thus used to obtain information 
regarding crystallinity, and particle size, and perform accurate analyses in the 
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nanometre size domain.  However, since XRD is a bulk technique it does not does not 
provide information on agglomeration of individual Pt nanocrystallites. Therefore, 
the morphology of Pt electrocatalysts on CNT was further determined by electron 
microscopy. 
 
 TEM (Figure 4.6) was utilized in the direct examination of metal nanoparticle size; 
nanoparticle size distribution; homogeneity of dispersion; and agglomeration of the 
metal phase in of JM Pt40/C supported nanophase electrocatalysts.  
 
(a) 
 
 
 
(b) 
 
 
 
 
 
 
 
Figure 4.6. Transmission electron micrographs of (a) carbon black (Vulcan XC-72) 
and (b)JM Pt40/C  
 
The TEM of carbon black (Vulcan XC-72) shows the average carbon particle size to 
be about 60nm (Figure 4.6 (a)). By TEM, Pt nanoparticles in JM Pt40/C appeared 
well-dispersed on the carbon support (Figure 4.6 (b)). However, large Pt 
agglomerates were also observed in certain portions of the sample (Figure 4.7). Pt 
nanoparticles generally ranged between 2-7 nm in size and were dispersed on carbon 
particles which were generally 50-60 nm in size. The average Pt particle size was 4.2 
nm, representing a metal surface area of 66.7 m2 g-1 (Prabhuram et al, 2004). 
Experimental values corresponded with the values determined by the manufacturer - 
4.5 nm and 62.3 m2 g-1 (Johnson Matthey, 2008). The particle sizes also agreed well 
with those determined in literature (Zhang, 2004; Guo et al, 2005; Cabot, 2008).  
 
 
100 nm 
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Commercial Johnson Matthey JM Pt40/C and the home made Pt/CNT (propanol) 
sample were further characterized using the VEECO ZEISS Ultra 55 Gemini FE 
SEM with Energy Selective Backscattered detectors (ESB). Conventional SEM could 
not clearly resolve metal nanoparticles from the carbon nanotube support materials. 
The ESB allows clear compositional contrast and high resolution BSE imaging 
revealed previously unseen image details. Morphological characteristics of the CNT-
supported nanophase Pt electrocatalyst (denoted Pt/CNT(propanol)) were compared 
with the JM Pt40/C commercial electrocatalyst. The ESB image of the commercial JM 
Pt40/C, which is the benchmark electrocatalyst and the industry standard, showed 
significant agglomeration of Pt clusters (bright areas) upon carbon support (grey 
areas) in Figure 4.7.  
 
Figure 4.7 ESB image of JM Pt40/C with EDS analysis (inset) 
 
The degree of agglomeration (Figure 4.7) was not apparent from the XRD analysis or 
from the TEM images. The image also showed the high loading of Pt but uneven 
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dispersion of Pt particles. The Pt loading was determined by energy dispersive 
spectroscopy (EDS) and showed the loading of Pt to be 39.7 % (Inset in Figure 4.7), 
which corresponds to the manufacturer’s specifications. 
 
Using ultrahigh-vacuum HRSEM, and high resolution BSE, the Pt particles were 
visible on the carbon nanotube support materials denoted Pt/CNT (propanol), and can 
be quantitatively sized at ~8 nm (Figure 4.8). The ESB image (Figure 4.9) of 
Pt/CNT(propanol) shows some agglomeration and variation in particle size of Pt but 
high dispersion and much reduced cluster formation compared to the commercial 
sample. The multi walled nature of the CNT is also evident in the STEM image 
which revealed CNT structure and uneven dispersion of ultrafine particles of Pt 
supported on CNT, for sample Pt/CNT (propanol), but agglomeration was less than 
on the commercial catalyst. 
 
Figure 4.8. ESB image of Pt/CNT  (propanol)  
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Figure 4.9. STEM imaging of Pt/CNT  (propanol)  
 
The HRSEM was thus able to successfully resolve and quantify Pt particle sizes in 
the nanometer domain upon CNT.  
 
4.5.1.3 Characteristics of electrocatalysts: galvanic displacement technique 
 
The method for deposition of Pt used to prepare the series of Pt/CNT catalysts was 
adapted from Qu and Dai (2005).  In the initial adaptation, a piece of CNT paper 
(approximate dimensions 0.5 cm x 0.5 cm) was attached to a piece of stainless steel 
wire mesh using a stainless steel paper clip.  The entire assembly was then placed in a 
1.0 mM H2PtCl6 solution (+0.1 M HCl) for over 8.0 h.  There after the assembly was 
removed from the solution and taken apart, and the nanotube paper was rinsed with 
copious amounts of water, then acetone, over filter paper on a standard vacuum 
filtration setup. An SEM micrograph of the resulting Pt plated CNT is shown in 
Figure 4.10. 
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Figure 4.10 Galvanic displacement deposition of Pt (8 h) using stainless steel 
 
Excessive deposition of Pt upon the carbon nanotube paper was observed (Figure 
4.10) because of the length of time (8 h) initially used during the galvanic 
displacement reaction. Moreover significant co-deposition of various components 
derived from the stainless steel used as sacrificial anode was detected by EDS. 
Because of the impurities observed when using stainless steel mesh as sacrificial 
electrode, the use of ultra pure foils was implemented thereafter to promote the 
galvanic displacements, in order to produce pure bimetallic catalyst systems (as 
described in Section 4.4.1.2). Much shorter times were applied to minimize the 
degree of wastage of Pt in the bulk, and directly form nano sized metal deposits on 
the CNT paper. 
 
After Pt deposition, using the rapid and simple galvanic displacement technique with 
99.99% pure Al, Pb or Fe foils respectively, the CNT paper GDL increased in mass 
(Figure 4.11 and Table 4.1). The replication was poor mainly due to incomplete 
recovery of the CNT paper from the solution in some cases. However, the mass 
increase did not follow the trend of Eø (volts) of the Al (-1.66), Fe (-0.44) or Pb (-
0.13) foils. Generally the shorter time caused less metal to deposit in the case of Al 
and Fe foils as was expected. The mass % increase in the case of Al doubled as the 
time was doubled. In the case of Fe no measureable increase in mass of the CNT 
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substrate occurred during the first 10min deposition time, possibly indicating a slow 
galvanic displacement reaction for this system, which is consistent with the low E ø 
value for this metal. However, this was not true of the Pb foil where both times 
applied allowed a similar increase in mass of the CNT substrate.  
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Figure 4.11: Mass % increase of CNT paper after Pt deposition over 10 and 20 min  
 
It was not certain that the mass % increase observed was due only to Pt deposition. 
EDS was performed after SEM images were obtained to determine the atom % Pt and 
establish whether any other metal had been co-deposited during the galvanic 
displacement reaction. The atom % Pt deposited on CNT paper for various foil types 
used in the galvanic displacement is shown in Figure 4.12.  
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Figure 4.12: Pt Atom % increase of CNT paper after Pt deposition over 10 and 20 
min for different foils 
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Between 0.75 and 2.3 atom % Pt could be rapidly deposited within 10 min using the 
galvanic displacement technique, depending upon the metal foil of choice (Figure 
4.12). The atom % deposition of Pt at 10 min did not follow the trend of Eø (volts) of 
the Al (-1.66), Fe (-0.44) or Pb (-0.13) foils.  The highest Pt loading on the CNT 
paper was observed in the case of the Fe foil after 10 min. More Pt was deposited on 
the CNT paper in the first 10 min in the case of the Al, Pb and Fe foils, whereas less 
Pt was deposited during the longer deposition time of 20 min. However, a large 
variability was found in the amount of Pt deposited on different areas of the CNT 
paper in most cases. As there was significant inhomogeneity in the Pt dispersion on 
the CNT as can be observed by SEM (Figure 4.14 (a to f)), the EDS values of the 
elemental composition of samples are mainly qualitative.  
 
A significant % of the metal deriving from the foil used in the displacement reaction 
was co-deposited, thus leading to bimetallic deposits particularly after the longer 
deposition period in the case of Al foil and in the case of Pb within the first 10 min as 
shown in Figure 4.13. As the metals differed greatly in MW it is difficult to see trends 
in the mass % therefore the atom % is presented. 
0
0.5
1
1.5
2
2.5
3
Al foil 10 Al foil 20 Pb foil 10 Pb foil 20 Fe foil 10 Fe foil 20
A
to
m
 %
Pt
Al
Pb
Fe
 
Figure 4.13 Atom % of bimetallic deposits on CNT  
 
Morphological characterization was performed using SEM and a selection of the 
micrographs are presented in Figure 4.14 (a to f).    
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Al foil and 10 min deposition (Sample 1) 
 (a) 
Al foil 20 min deposition (Sample 8) 
 (b) 
Pb foil 10 min deposition (Sample 3) 
 (c) 
 
Pb foil and 20 min deposition (Sample 
10) 
 (d) 
Fe foil 10 min deposition (Sample 5) 
 (e) 
 
Fe foil 20 min deposition (Sample 12) 
 (f) 
Figure 4.14. SEM micrographs of CNT paper with Pt deposition using (a,b) Al, (c,d) 
Fe and (e,f) Pb foils 
 
From the EDS results (Figure 4.13) of the elemental composition of the samples 
prepared using Al foil the degree of co-deposition of Al ranged from 1.5 to nearly 3 
atom % depending on the deposition time of 10 and 20 min respectively and a small 
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Fe contaminant of between 0.24 to 0.86 atom % was also observed which was 
unexpected as the metal foils used as sacrificial electrodes were 99.99% pure. The Fe 
content observed in the various samples may be due to the residual Fe catalyst 
remaining in the CNT after acid washing and CNT paper formation as was shown in 
Chapter 3.  
 
In the case of the Fe foil, about 0.8 atom % Fe was co-deposited with the Pt. In the 
case of Pb foil 2 atom % of Pb was co-deposited with the Pt and more was apparently 
co-deposited at the shorter deposition time of 10 min than at the longer time of 20 
min. This variability in elemental composition determined by EDS may be due to the 
inhomogeneity of the metal deposition upon the CNT that was observed by SEM 
(Figure 4.14) and these results should be treated with caution as they are based upon 
the analysis of very small areas. These are general trends only as there was a large 
variability in EDS results since this method probes only a very small portion of the 
sample. From the SEM results it appears that during the galvanic displacement 
reaction in a Pt solution the use of the Pb foil resulted in relatively consistent and 
homogeneous Pt deposition and few large Pb containing Pt clusters were formed. In 
the case of the Pb foil it was also apparent that the deposition time used did not make 
a large difference in the results obtained and the deposition was also more evenly 
dispersed. These results highlight that the compositional analysis by EDS is merely 
qualitative.  
 
In the galvanic displacement the substrate metal acts as a sacrificial anode and 
donates an electron to the CNT and in the process is oxidized and displaced into 
solution (Qu and Dai, 2005). However, from the results presented in this chapter it 
can be seen that the displaced metal ions then compete with the Pt ions in solution, 
being reduced by the CNT as well, and thus are co-deposited upon the CNT with the 
Pt after a period of time when sufficient metal ion has been displaced into solution. 
This is obviously a result of the increasing concentration of the metal ions in solution 
over time. It appears from the data that the longer the contact time, the more the 
subsidiary metal predominates in the co-reduction and deposition reaction, 
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particularly in the case of Al (Eø -1.66), whereas for the metals with lower Eø such as 
Fe (-0.44) or Pb (-0.13) this trend was not so significant in the time of the reaction.  
 
These results show that it is in principle possible to directly deposit Pt and a second 
metal on CNT to form a bimetallic electrocatalyst that is directly incorporated into 
the CNT paper GDL. This procedure would thus eliminate a large amount of 
processing and illustrates a route to easily form a series of nanophase Pt containing 
electrocatalysts by use of the galvanic displacement deposition technique. This 
approach aims to rapidly and very simply deposit the Pt electrocatalyst directly onto 
the gas diffusion layer (GDL) substrate, CNT paper. This method to directly deposit 
Pt onto preformed CNT paper as GDL would eliminate many steps in the processing 
of the electrocatalysts into composite form.  This was a proof of concept study and 
would require optimization to establish the precise conditions for homogeneous 
deposition of Pt containing bimetallic particles upon CNT paper. 
  
4.5.1.4 Catalytic activity of prepared and commercial materials 
 
Cyclic voltammetry (CV) was used to investigate the electroactivity of the 
electrocatalysts which were compared to the commercial JM Pt40/C.   A typical cyclic 
voltammogram for JM Pt40/C is presented in Figure 4.15. The electrodes were formed 
by mixing 0.1073 g of catalyst; 0.25 cm3 H2O and 1.25 g of Nafion and depositing 
this ink on a glassy carbon electrode. The electrode performance was measured in a 
electrochemical cell equipped with the glassy carbon working electrode, a platinum 
wire counter electrode and a Mercury Sulphate Electrode (MSE) as the reference 
electrode. The geometric surface area of the working electrode was 0.08 cm2. The 
electrolyte used in the cell was 0.50 M H2SO4 and no redox active species were 
introduced in the electrolyte. The temperature of the electrolyte as kept at 29 ºC.  
 
Since a MSE was used as a reference electrode for this experiment, the following 
parameters were applied in the potentiostat: Start potential (V):-0.7; First Vertex 
potential (V):0.8; Second Vertex potential (V):-0.8; Step potential (V):0.00518; Scan 
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rate (V s-1): 0.05.  The reference potential of HgSO4 was approximately 0.68 V hence 
the redox couple showing electrochemistry in the voltammogram obtained was lower 
in potential by 0.68 V compared to those of the literature where the reference 
electrode typically is a reversible hydrogen electrode (RHE) with 0.00 V potential.  
  
 
Figure 4.15 Cyclic voltammogram of commercial JM Pt/C 40 catalyst 
 
For the catalyst JM Pt40/C the only current that flows between -0.25 V and 0.125 V 
is that required to charge the electrolytic double layer. Above 0.125 V oxide 
chemisorption begins with the process 
Pt + OH- → Pt⎯OH + e- 
And above 0.8 V, 
 Pt⎯OH + OH- →  Pt⎯O + H2O + e-   
As the potential scan is reversed cathodically, oxygen gas present in the 
neighbourhood of the electrode is reduced together with the chemisorbed oxide layer. 
At lower potentials there is a small double-layer region followed by the deposition of 
hydride as  
Pt + H2O + e-      →   Pt⎯H + OH-  
Finally close to the thermodynamic potential for the HgSO4 electrode (MSE) i.e. -0.68 
V, there is strong evolution of hydrogen (hydrogen evolution reaction), where after 
the Pt can be re-oxidised once the potential direction is again reversed (Bradley et al., 
1989).  
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In all the subsequent CV experiments the electrolyte system was changed to a ClLiO4  
solution and the reference electrode was a Ag/AgCl electrode as set out in Section 
4.4.2. The best voltammetric curves were obtained with the following set-up 
conditions: Start potential (V):-1.1; First Vertex potential (V):1.1; Second Vertex 
potential (V):-1.1; sensitivity of 100 µA V-1. The scan rate (V s-1) was varied. The 
reference potential of Ag/AgCl is approximately 0.205 V hence redox couples 
showing electrochemistry in the voltammograms obtained were higher in potential by 
0.205 V compared to those of the literature where the reference electrode typically is 
a reversible hydrogen electrode (RHE) with 0.00 V potential.   
 
Initial cyclic voltammetry (CV) of the paste made from the ultrapure graphite diluent 
and mineral oil was performed only to ascertain its relative contribution to the HER. 
The CV of the ultrapure graphite diluent is presented in Figure 4.16. 
 
Figure 4.16  CV of ultrapure graphite diluent (scan rate between 10-50 mV s-1 
between -500 to 1200 V; sensitivity of 100 µA V-1) 
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Figure 4.17  CV of impure graphite diluent (scan rate 10 mV s-1 between -1.500 to 
1.300 V; sensitivity of 100 µA V-1) 
 
Cyclic voltammetry of the ultrapure graphite diluent (99.9995% pure) between -500 
to 1200 V and at a scan rate between 10-50 mV s-1 and sensitivity of 100 µA V-1 
(Figure 4.16) shows low activity and few peaks for the hydrogen evolution reaction 
(HER),  a low current output signal in the µAmp region, a low current at the peak 
potential and little noise.  On the other hand a less pure graphite diluent (graphite 
powder; 1-2 µm synthetic (Sigma Aldrich) that was initially used as diluent showed 
more significant electro activity (Figure 4.17) for HER most likely due to metal 
impurities.  Therefore the mainly electrochemically inactive ultrapure graphite was 
used as diluent during the preparation of paste electrodes, except in the 
electrochemical comparison presented in Figure 4.21 where the impure graphite was 
used as blank diluent to compare the relative contribution of the diluents’ 
electroactivity.   
 
Cyclic voltammetry of JM Pt40/C  is presented in Figure 4.18 and Figure 4.19 at scan 
ranges from 5-50 V and 50-300 V respectively in a ClLiO4  solution and the reference 
electrode was Ag/AgCl.  
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Figure 4.18 JM Pt40/C scanned between 50 and 5 mV s-1; 100 µA V-1 sensitivity and 
scan range between -1100-1000 V (JM01-2=50 mV s-1; JM01-6=5 mV s-1) 
 
It can be observed in Figure 4.18 that, in contrast to the H2SO4 (SCE) system 
presented in Figure 4.16 for the commercial standard JM Pt40/C catalyst, in the case 
of the ClLiO4 (Ag/AgCl) system shown in Figure 4.17, the hydrogen evolution 
reaction (HER) occurs on the anodic sweep at approximately -0.77 V at 50 mV s-1 
(and not at -0.68 V as in the H2SO4(SCE) system) (Bradley et al., 1989). The slower 
the scan rate the more negative the voltage of HER peaks observed. At 5 mV s-1 it 
occurred at -0.84 V. In the anodic scan (Figure 4.18) from negative to positive, after 
the onset of H2 evolution the hydride deposition occurs at about -0.27 V at 50 mV s-1. 
In the cathodic scan from positive to negative, the oxide chemisorption occurs at 
about -0.41 V and PtO forms at about 0.35 V at 50 mV s-1.  The one electron transfer 
is shown by the approximately 0.5 V difference between the hydride formation and 
the hydrogen evolution.  
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Figure 4.19 CV of JM Pt40/C scanned between 50 (JM01-2) and 500 mV s-1 (JM01-
10); 100 µA V-1 sensitivity and scan range -1100-1100 V  
 
Figure 4.19 shows that as the scan speed is increased in the case of JM Pt40/C scanned 
in the ClLiO4 (Ag/AgCl) system between 50 (JM01-2) and 500 mV s-1 (JM01-10) at 
100 µA V-1 sensitivity and a scan range between -1100-1100 V, the hydride peak 
becomes more prominent and the onset of hydrogen evolution occurs at lower 
overpotentials. As the scan rate was increased to 500 mV s-1 the offset of 
overpotential for the HER decreased to -0.31 V (ClLiO4 (Ag/AgCl) system). 
Therefore all further samples were compared for cyclic voltammetry at identical scan 
rate.   
 
Figure 4.20 shows the forward square wave voltammetry of JM Pt40/C commercial 
catalyst scanned between 5-50 Hz in the ClLiO4 (Ag/AgCl) system at 100 µA V-1 
sensitivity and a scan range between -1100-1100 V.  Square wave voltammetry was 
performed at different frequencies in the case of the commercial electrocatalyst to 
discern the different rates of the various reactions. 
50 
 
 
 
 
500 
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 Figure 4.20 Square wave voltammetry of JM Pt40/C commercial catalyst  
 
Figure 4.20 (A-E) shows that the evolution of H2 at -0.77 V is a fast process detected 
mainly at frequencies of 30 and 50 Hz. On the other hand H- formation (-27 V) is an 
intermediate rate process observed clearly at 15 Hz and at 10Hz.  PtO formation and 
chemisorption is also an intermediate process occurring at +0.341 V. 
C=15 Hz D= 10 Hz 
E= 5 Hz 
A =30 Hz B= 50 Hz 
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Figure  4.21 Comparison between Graphite diluent (green) vs Graphite/CNT blend 
(brown) vs Graphite Pt/CNT (propanol) blend (blue) at 10 mV s-1, 100 µA V-1  
sensitivity and scan range -1300-1300 V 
 
Figure 4.21 shows a voltammetric comparison of activity for the HER in the ClLiO4 
(Ag/AgCl) system made between paste electrodes prepared with the graphite diluent 
(green) by itself; graphite that was blended with as made bare CNT (brown) prior to 
Pt deposition; and graphite that was blended with the electrocatalyst Pt/CNT 
(propanol) (blue). Scans were taken at 10 mV s-1, and 100µA V-1 sensitivity, with a 
scan range from-1300 to 1300. Neither of the graphite diluents used in the preparation 
of the paste electrodes showed distinct peaks indicating activity for HER under the 
conditions applied (also compare Figures 4.16 and 4.17). In Figure 4.21 two distinct 
reduction peaks relating to H2 evolution and hydride deposition are observed on the 
anodic sweep below zero (10 mV s-1, 100 µA V-1 sensitivity) in the case of the Pt 
CNT (propanol) sample, which peaks were somewhat reversible. Such peaks are 
orders of magnitude less intense or absent in the case of the blank sweeps of graphite 
as well as the graphite CNT blend that had no Pt catalyst content. Thus it was 
possible to clearly discern the different electro activity for HER of the graphite 
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diluents or the CNT support or the Pt containing electrocatalysts. The following 
results for cyclic voltammetry were thus obtained by use of paste electrodes 
comprising the ultrapure graphite diluent, and various CNT supported Pt 
electrocatalysts in the ClLiO4 (Ag/AgCl) system.  Comparison of the voltammetric 
scans of JM Pt40/C  and Pt /CNT propanol at 50 mV s-1 between -1100 and 1100 and 
sensitivity of 100 µA V-1 using paste electrodes (Table 4.2) in ClLiO4 (Ag/AgCl) are 
shown in Figure 4.22. 
 
  
JM Pt40/C 
Pt/CNT propanediol
 
Figure 4.22 Comparison of JM Pt40/C (brown) with Pt/CNT (propanol) (blue) 
electrocatalysts at 50 mV s-1 between -1100 and 1100; sensitivity of 100 µA V-1. 
 
The onset of hydrogen evolution during cyclic voltammetry (Figure 4.22) of a paste 
electrode containing the Pt electrocatalyst prepared with the impregnation-reduction 
method (Pt/CNT (propanol)), as was detailed in Section 4.4.1.3, occurred at a lower 
overpotential (-0.66V) than the commercial JM Pt40/C catalyst (-0.77 V) under the 
same conditions in the ClLiO4 (Ag/AgCl) system.  
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Figure  4.23 Cyclic voltametry of Pt/CNT (propanol) between -1100 - 1100V and 
scan rate varied between 10 - 50 mV s-1 at a sensitivity of 100 µA V-1  
 
Figure 4.23 shows the electro activity of the Pt/CNT (propanol) sample in the ClLiO4 
(Ag/AgCl) system scanned at different rates between 10 and 50 mV s-1. This Pt/CNT 
(propanol) catalyst comprising carbon nanotubes and supported Pt was used as the 
benchmark CNT supported catalyst for comparison with the electrochemistry of the 
galvanic displacement sample series prepared as described in Table 4.1 and 4.2 which 
samples will be denoted Pt/CNT_BP hereafter. 
 
The samples prepared via the galvanic displacement technique (Pt/CNT_BP series) 
were prepared as paste electrodes (Table 4.2) using the ultrapure graphite as diluent. 
Cyclic voltammetry was performed in an argon purged ClLiO4 (Ag/AgCl) system 
between -1100 and 1100 at 50 mV s-1 and a sensitivity of 100 µA V-1 for Pt/CNT 
(propanol) and the Pt/CNT _BP samples prepared using the galvanic displacement 
10 
20 
50 
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technique with Al, Pb or Fe foils and a deposition time of 10 and 20 min respectively 
are shown in Figures 4.24 to 4.26. The overpotentials for HER of the different 
samples detected during cyclic voltammetry are listed in Table 4.3. The HER and 
hydride peaks observed on the anodic sweep are tabulated, however peaks on the 
cathodic sweep could not definitely be assigned to the specific reactions due to 
irreversible reactions, distortions in the scans and poor resolution of the peaks. Where 
no data is shown, no peak for oxide chemisorption or PtO formation was discerned at 
the applied scan rate and scan range.  
 
Table 4.3. Comparison of hydrogen evolution over different electrocatalysts 
 H2 
evolution 
E pa  (V) 
Hydride 
deposition 
/desorption 
E pa  (V) 
Oxide 
chemisorption 
E pc  (V) 
PtO 
formation 
E pc  (V) 
Charging the 
electrolytic 
double layer 
(V) 
*JMPt40/C catalyst (SCE system at 0.05 Vs-1) 
*Literature 
ref. (Bradley, 
1989) 
-0.68 V ~ -0.05 0.125V above 0.8 ~0.25 to 
0.125  
At 50 mVs-1 (ClLiO4 (Ag/AgCl) system between -1100-1000 V; sensitivity 100µA) 
JMPt40/C -0.77 -0.27 0.341 - ” 
Pt/CNT 
(propanol) 
-0.66 -0.086 0.296 - “ 
Pt/CNT_BP series
Al 10 min ** 0.0 ** *** “ 
Pb 10min -0.0.83 0.107 ** *** “ 
Fe 10 min -0.88 -0.104 ** *** “ 
Al 20 min -0.667 -0.165 ** *** “ 
Pb 20min -0.680 0.107 ** *** “ 
Fe 20 min - 0.208 ** *** “ 
**Not well resolved;   *** In most cases above 1.0V. 
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Figure 4.24 CV of Pt/CNT_BP samples prepared for 10 min using Al, Pb or Fe foils 
compared with Pt/CNT (propanol) in ClLiO4 (Ag/AgCl) between -1100 and 1100 at 
50mV s-1; sensitivity of 100µA V-1 
 
CV of the Pt/CNT_BP sample prepared with the galvanic displacement method using 
Pb as foil  and 10 min deposition time, shows quite distinct peaks on both the anodic 
and cathodic sweeps with a large hydride deposition peak at -0.29 V and a minimal 
peak for H2 evolution at a scan rate of 50 mV whereas the Al and Fe foils samples 
reacted for 10 min did not show a significant electro activity for hydrogen evolution 
under the conditions tested. The Pt/CNT_BP sample prepared with Fe foil had the 
highest Pt content of the galvanic displacement samples (Figure 4.12) yet showed 
dissimilar and low HER activity compared to the Pt/CNT(propanol) sample, showing 
the effect of the preparation conditions used for making the CNT based 
electrocatalyst upon the catalytic activity for HER. The very large hydride adsorption 
peak observed during the anodic sweep in the case of the Pt/CNT_BP sample 
prepared with Pb foil for 10 min is of interest and may indicate a high hydride 
adsorption capacity for this bimetallic sample. 
 
Pt/CNT (propanol) 
Al 
Pb 
Fe 
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Figure 4.25 shows the CVs of Pt/CNT (propanol), in comparison to Pt/CNT_BP 
samples prepared via the galvanic displacement reaction for 20 min using Al, Pb or 
Fe foils.  
 
Figure 4.25 CV of Pt/CNT samples prepared for 20 min using Al, Pb or Fe foils  
compared with Pt/CNT (propanol) scanned in ClLiO4 (Ag/AgCl) between -1100 and 
1100 at 50mV s-1; sensitivity of 100µA V-1 
 
In general from Figure 4.24 and 4.25 it was not evident that the electrocatalyst 
samples prepared using Al, Pb and Fe foils for either 10 min and 20 min using the 
galvanic displacement reaction had significant electroactivity compared to the 
commercial JMPt40/CNT electrocatalyst (Figure 4.18), during CV scanned at a rate of 
50 mV s-1 (Table 4.3). The CV scans cycled between -1100 and 1100 V at 50 mV s-1 
and sensitivity of 100 µA V-1  of these bimetallic Pt/CNT_BP series of 
electrocatalysts are shown individually in Figure 4.26 (a-f). The CVs show that 10 
min samples were also significantly different in electroactivity characteristics to 20 
min samples, which may be due to the varying ratios of different metals in the 
bimetallic system observed for the different deposition times. Moreover, the 
hydrogen evolution peak was only observed clearly on the anodic sweep in the case 
of the Pt/CNT_BP sample prepared with Pb foil for 20 min (Figure 4.26d), but with 
very little current flow.  
Fe 
Al 
Pb 
Pt/CNT (propanol) 
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(a) Al 10 min (b) Al 20 min 
(c) Pb 10 min (d) Pb 20 min 
(e) Fe 10 min (f) Fe 20 min 
Figure 4.26 Cyclic voltammetry of Pt/CNT_BP series of electrocatalysts 
 
Hence, the bimetallic nature of the Pt deposition achieved by galvanic displacement 
altered the electrochemical characteristics of the Pt metal significantly. The nature of 
these materials is novel thus their application in the hydrogen evolution or other 
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reactions would require further investigation to establish whether these CNT 
supported materials could be beneficially applied. However, in the case of the Pb foil 
(20 min) sample it is interesting to note (Table 4.3) that the overpotential of hydrogen 
evolution (-0.68) is lower than the commercial JM Pt40/C sample (-0.77 V) and 
similar to the case observed in the Pt/CNT (propanol) sample (-0.66). 
 
As the HER peaks of interest were not observed in all cases in the new series of 
electrocatalysts prepared with the galvanic displacement technique (see Table 4.3) at 
a sweep rate of 50 mV s-1, therefore different sweep rates were examined for each 
separate sample. Very large distortions of the voltammetric curves were observed in 
some cases. This may arise as a consequence of large uncompensated ohmic drops 
(Gaudet et al., 2005) thus the electro catalytic activity of the various catalysts may be 
best compared by following the current density at constant electrode potential. 
Because the determination of the voltammetric charge is complicated by the presence 
of distorted voltammetric curves, the electrochemical properties of the bimetallic 
catalysts were not considered further. 
 
4.6 CONCLUSIONS 
 
Methods for preparing active nanophase Pt electrocatalysts on CNT substrates were 
explored. The CNT made according to a ferrocene-toluene spray pyrolysis synthesis 
procedure were utilized as a suitable conductive substrate for the preparation of an 
active Pt electrocatalyst Pt/CNT (propanol). A CNT paper substrate was used as 
substrate to deposit Pt via a galvanic displacement technique and prepare a nanophase 
Pt-containing gas diffusion electrode in one simple step, to eliminate the extensive 
processing that is required for stabilization of nanophases in porous matrixes or in 
thin film format with binders on support substrates to prepare composite electrodes. 
Deposition of Pt on CNT paper by a simple galvanic displacement technique formed 
a new, active Pt containing gas diffusion electrode.  
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The new electrocatalysts were compared to an industry standard commercial Pt 
catalyst stabilized on Vulcan carbon black for electro activity. The use of CNT as 
support substrate and the Pt deposition techniques applied are shown to result in 
electrocatalysts that could reduce the energy requirements of the hydrogen evolution 
reaction, particularly in the case of Pt electrocatalyst Pt/CNT (propanol). In the case 
of the electrocatalyst sample Pt/CNT_BP (Pb foil (20 min)) the overpotential of the 
anodic hydrogen evolution peak (-0.68 V) is similar to the case observed in the 
Pt/CNT (propanol) sample (-0.66 V) and both occur at lower overpotentials than the 
commercial JM Pt40/C sample (-0.77 V) when cycled between -1100 and 1100 V at 
50 mV s-1 at sensitivity of 100 µA V-1  in a ClLiO4 (Ag/AgCl) system. 
 
Because of limitations in processing CNT, due to agglomeration of CNT, which need 
to be overcome and which fell outside the scope of this study, the Pt/CNT (propanol) 
materials were not further integrated into composite electrode format. Initial 
electronic characteristics of the Pt/CNT_BP supported on CNT paper are presented in 
Chapter 6.  
 
In Chapter 5 the development of Si based micro and mesoporous substrates as 
supports for Pt electrocatalysts will be presented as well as their incorporation into 
composite electrode format and activity testing for water electrolysis. 
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5 NANOPHASE COMPOSITE ELECTRODES  
 
5.1 INTRODUCTION 
 
The topic of this chapter is the development and optimization of composite 
nanophase containing electrodes, utilizing nanophase electrocatalysts.  Preparation of 
nanophase composite electrode materials for potential application in alkaline or solid 
polymer electrolyte electrolyzers is challenging and requires consideration of the 
many factors involved in their formation. In the preparation of composite electrodes, 
the type and ratio of catalyst, of binder and/or proton conductor, the additional 
electroconductive phase, and solvent type and amount should be optimized in order to 
achieve maximum activity, stability and durability whilst maintaining access for gas 
or liquid, and pathways for electrons and protons. It is necessary to achieve the 
optimum balance between macropores and micropores required for gas access or 
removal, for liquid access, and pathways for electron and proton conduction at the 
nanophase electrocatalyst in the composite material. The gas / liquid / solid boundary 
is known as the three phase boundary and bringing all these three phases into close 
contact reproducibly poses a particular challenge for fabrication of composite 
electrodes. Components of the electrodes must be selected to ensure stability in the 
presence of a corrosive electrolyte as well as gaseous and liquid reactants. 
 
For cost efficient operation of electro catalytic installations for hydrogen production 
the development of highly active, selective and stable working nanophase catalysts 
incorporated in electrodes may offer benefit.  Large surface area electrodes may be 
achieved by the application of supported metal clusters of nanosized catalysts 
supported in three dimensional substrates. These materials must then be attached to 
the electrode surfaces. Because of their large active surface areas these nanophase 
containing electrodes could significantly reduce the overpotential of the electrolyzer 
cell.  
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Generally, a bulk metal such as Ni is used as the active electrode component in 
alkaline electrolyzers, because of cost considerations (Imariso et al., 1980). Use of 
nanosized electrocatalysts would allow highly active but costly precious metals such 
as Pt to be applied most economically and could minimize their wastage and 
maximize their active catalytic surface area. Formation of composite nanophase 
electrodes by sequential deposition has been identified in the thesis as being a 
possible method for simple fabrication of electrodes.  The first step in the process of 
sequential deposition is the preparation of the catalyst  support (see Chapter 3 and 
Chapter 4) and the subsequent stabilization of the active nanophase electrocatalysts 
on the support to prevent agglomeration of the nanophase metal centres (also see 
Chapter 4). The preparation of supports was detailed in Chapter 3 and routes to 
stabilize Pt nanophase electrocatalysts upon CNT supports was detailed in Chapter 4. 
 
The sequential stabilization of heterogeneous nanophase materials upon a variety of 
Si based porous substrates, followed by stabilizing these materials on electro 
conductive supports to prepare composite electrodes and then applying the electrodes 
in high electrolyte environments for water electrolysis forms the focus of this chapter.  
 
The type of nanophase electrocatalyst, and ratio of catalyst to binder, was 
investigated in different combinations with various porous and non porous conductive 
and non-conductive substrates. In most cases the same proton and electro-conductive 
phase was added, but in varying amounts. The stability, activity and durability of 
nanophase composite electrodes prepared by sequential deposition was also examined 
by a rapid testing protocol as specified in this chapter.  This protocol was applied for 
screening composite nanophase electrode materials using hydrogen production at 
relatively high applied potentials in a high electrolyte environment. Hydrogen 
production in the alkaline electrolyte was used as a simple and relatively rapid 
qualitative measure of the electro catalytic activity of the nanophase electrocatalyst in 
this composite format. Poor catalytic performance for hydrogen production was taken 
as a simple measure of the occlusion of catalytic sites by binders and / or gaseous 
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layers or the lack of adequate conductive pathways and was used as rapid indicator 
for optimization of formulations of micro-emulsions or inks. The expected high gas 
evolution under the applied conditions was used as an accelerated aging test of the 
stability and durability of the composite electrode components. Delamination of the 
catalytic component during high gas evolution was used as a simple measure of 
inadequate stabilization of the electrocatalyst containing film upon the substrate. 
 
Composite electrodes prepared by sequential deposition in this study are composed of 
a electrocatalyst containing film comprised of stable and catalytically active 
particulate or heterogenous nanophase material, stabilized with a binder, that is 
supported upon a conductive substrate. By their nature these composite electrodes are 
mainly gas diffusion electrodes (GDE) that can be used in fuel cells, gas sensors, 
some types of batteries and electrolyzers. In this chapter the focus is on hydrogen 
production by water electrolysis as a simple reaction used as measure to optimize and 
understand the nature of the electrodes. 
 
5.2 BACKGROUND 
 
Water electrolysis is the process of dissociation of water (H2O) under the influence of 
an electrical current. Electrolysis of H2O leads to formation of H2, O2, H+ and OH-. 
Only H2 and O2 involve a change of oxidation state. Hydrogen in H2 has a lower 
oxidation state (0) than hydrogen in H2O (+1), whereas oxygen in O2 has a higher 
oxidation state (0) than oxygen in H2O (-2). Therefore water can be reduced to H2 or 
oxidized to O2. 
 
Solutions to increasing catalytic and current efficiency, obtaining high current 
densities, minimizing power consumption and lowering the cost of hydrogen 
production by water electrolysis are constantly sought.  Because of the high cost of 
electrical power it is desirable to reduce the voltage at which a solution is 
electrolyzed to as low a value as possible. In the electrolysis of water there is 
considerable scope for achieving a reduction in electrolyzing voltage by reducing the 
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hydrogen overpotential at the cathode.  There have been many attempts to achieve a 
reduction in hydrogen overpotential. For example, it is well known that the hydrogen 
overpotential at a cathode may be reduced by increasing the surface roughness and 
thus the surface area of the cathode. Other methods of producing low hydrogen 
overpotential cathodes which have been described involve coating the surface of a 
cathode with an electrocatalytically active material (Wood, 1986). 
 
Physical and chemical variables that can have an impact on energy loss in these 
systems include the supporting electrolyte type and concentration, temperature, 
pressure, gas to liquid ratio, distance between working electrodes, cell geometry, flow 
velocity, gas evolution and product separation from the electrolyte (Imariso et al., 
1983).  
 
Two different diffusion processes take place in GDE electrodes namely, gas diffusion 
and the liquid or vapour diffusion. During the phase transition of gas/liquid in an 
electrochemical reaction, diffusion limitation may occur because of the difference in 
density and mobility, and thus the time scale. Material characteristics that are 
important for the liquid transport include the wetting angle of the catalyst, and the 
respective catalyst support. The wettability affects the electrolyte uptake and the 
osmotic flow. Liquid transport can change from a diffusion to an osmotic mode 
depending upon the characteristics of the composite (Kinoshita,1988). 
 
The process of hydrogen generation during water electrolysis is often impeded by the 
formation of a “locking” gas layer on the cathode surface. As a result, the potential 
drop between two electrodes rises sharply and both process efficiency and economics 
suffer.  The specific resistance of the electrolyte between the two opposite electrodes 
during alkaline water electrolysis will be increased by the presence of gas bubbles, 
decreasing the energy efficiency of the electrolysis process (Sillen et al., 1980). These 
authors investigated the role of bubble density, average bubble radius, and the gas 
volume fraction at the electrode surface at various current densities, flow velocities, 
electrolyte concentrations and temperatures. Ohmic potential drop occurs in the 
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electrolyte space between the electrodes and the separating diaphragm which is filled 
by the gas produced (Appleby and Crepy, 1978).  
 
Although introduction of porous electrode structures and net or mesh configurations 
lower the negative effect of the surface gas layer, more drastic changes to catalyst 
morphology is needed in order to bring about potential drop values close to 
economically justifiable values.  The formation of electrocatalytic structures on the 
surface of mesh or porous electrodes has been reported as electrode materials in 
liquid phase alkaline electrolyzers (Divisek and Schmitz, 1984).  
 
Not only the electrochemical reactions, but also adsorption-desorption processes at 
the electrode surface as well as transport processes such as the molecular transport of 
hydrogen and the thermal behavior of gas diffusion electrodes need to be considered. 
Sunde (2000) reviewed approaches to models and computer simulations of 
conductivity, polarization resistance, and impedance of composite electrodes that 
could be used to model the highly disordered structure of composite electrodes 
typically used in solid oxide fuel cells (SOFC). Approaches included a thin film 
model, Monte Carlo calculations, or a macroscopic porous-electrode model. The 
macroscopic porous-electrode theory was modified to include non-linear kinetics and 
gas-phase diffusion. Sunde found that most of the electrochemical reaction occurred 
in a region closer than 10 μm to the bulk electrolyte. The current-collector potential at 
a given current was found to be nearly independent of thickness above 10 μm.  These 
authors report that the rate balance was controlled by porosity, volume fraction of 
catalyst and particle size, which could be varied within the limitations relating to the 
requirement of percolation in the gas phase and the conductive networks.   
 
Kaisheva (2004) studied the activity and the transport hindrances in air gas-diffusion 
electrodes. The structure of the electrode in their study was a double-layer electrode 
comprising a porous hydrophobic gas diffusion layer, and a catalytic layer where the 
electrochemical reduction of oxygen took place. They found that the air gas-diffusion 
electrode had a complicated porous structure in which several electrochemical and 
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transport processes were occurring simultaneously and performance was influenced 
not only by the activity of the catalyst, but also by all transport processes occurring in 
its porous structure. In addition the transport hindrances in the electrode were also a 
function of the pore structure and the surface properties of the catalyst. The 
hindrances in the transport of molecular oxygen were higher in the electrodes with 
thicker gas layers. It was theoretically predicted and experimentally proven that the 
existence of a network of hydrophobic pores in the carbon-catalyst grains played an 
important role for the effective operation and stability of the electrodes. 
 
In bi-polar electrolyzer units the application of a cell potential of 1.8 to 2 volts (V) 
resulted in a relatively low current density of 200 to 300 mA cm-2. The efficiency of 
such cells was therefore poor, calculated on the reaction enthalpy. For achievement of 
a 100 % yield at economically feasible current densities the total cell potential should 
be of the order of 1.5 V (Divisek and Schmitz, 1984).  
 
These earlier studies highlight the various aspects that can affect the performance of 
the electrodes and more recent studies show attempts to address the challenges 
inherent in the alkaline electrolyzer system, based on obtaining an understanding and 
optimization of the physical structure of the electrode. 
 
The current density (j) and cell voltage (I-V) relationship is the most important 
characteristic of any electrochemical cell. Because the I-V relationship changes with 
different loads and operating conditions it can be used to determine the performance 
of the system.  Electrochemical reactions differ from other heterogeneous reactions as 
their rate constants depend on the potential difference, (V) at the metal-solution 
interface (Ebbing, 1993). During the water electrolysis process electrical current 
flows through the electrolyte when the external voltage is applied, thus the flow of 
current depends on the applied potential.  Current density is described as a measure of 
the rate of electron transfer at equilibrium, for example if the potential is increased, 
current density also increases and hydrogen bubbles are produced rapidly. Therefore 
the current of an electrochemical cell will depend on the kinetics of the electrode 
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reactions as well as the energy required for the electrode to provide a given amount of 
current (Shukla et al., 2002).  
 
5.3 COMPOSITE ELECTRODE FABRICATION METHODS 
 
Nanophase composite gas diffusion electrodes (GDE) as defined in this study 
comprise an assembly of (1) a supported or unsupported nanophase electrocatalyst, 
that is dispersed upon (2) a suitable porous conductive substrate in the form of (3) a 
catalyst containing film in which the three phase boundary between gas, liquid and 
solid is achieved. The film is prepared by use of a micro emulsion or ink constituted 
with the catalyst, a suitable binder, a solvent, and a proton- and electro-conducting 
phase.  
 
Gas diffusion electrodes (GDEs) typically are constructed of high-surface area 
supports for metal catalysts, as well as solid inert materials with high gas 
permeability. Typical composite GDEs consist of carbon black and a binder such as 
polytetrafluoroethylene (PTFE) in close contact with a porous current collector 
through which the gas can pass. The hydrophobic PTFE inhibits aqueous solutions 
from completely penetrating the porous structure but the carbon black support is 
capable of being wetted by the electrolyte. The solution layer may act as a thin 
meniscus that can support high gas flux rates. Limitations caused by lack of gas 
solubility in the electrolyte is offset by the very thin diffusion layer formed with the 
wetted electrode surface. The additional three-dimensional surface area incorporating 
a gas-liquid-solid interface into the electrode element that is inherent in most GDEs 
can significantly amplify the current compared to that obtained on an equivalent 
simple two dimensional geometric area (De Castro, 1996).  
 
Many thin film deposition methods have been developed and commercialized. Thin 
films are usually considered to be less than 10 µm thick. Schuegraf (1988)  reviews 
thin-film deposition techniques. Of these technologies, chemical vapour deposition, 
spray deposition and thermal spraying deposition are the techniques most relevant, 
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and are encompassed in the overall methodic of the sequential deposition technique 
developed in this chapter, Chapter 5.  
 
Ahn et al. (1997) reported the fabrication of fibre composite gas diffusion electrode 
(GDE) structures and their performance for oxygen reduction in an alkaline 
electrolyte. The electrode structure was formed with 2 μm diameter activated carbon 
fibres interlocked within a network of 2 μm sinter-bonded metal fibres to form the 
composite which was stable, highly conductive and had a void fraction exceeding 95 
%.  
 
Franco et al. (1998) studied the electric properties of polymer electrolyte / carbon 
black composites, but these materials were not based on thin films. These authors 
prepared composites based on the solvent casting technique. The polymer complexes, 
appropriate solvent and the required amount of highly conductive carbon black or 
polymer electrolyte were blended. The concentration of conductive carbon black 
particles used was close to the percolation threshold value, which was found in their 
case to be in the range of 15 to 20 wt % of carbon black. After removal of the solvent 
the electrode samples were prepared by pressing the ground components at 4 ton cm-2 
followed by thermal treatment (80 ºC, 24 h) to homogenize the material.  
 
In a study by Legagneur et al. (1999),  composite electrodes were prepared and 
deposited as a thick film or pressed against a Pt disk using 10 % by mass of carbon 
black with addition of the catalytic component  (85 % by mass) and 5 % of an organic 
binder.  
 
Low cost electrode fabrication techniques were investigated by Pham et al. (1999) 
including methods such as dip coating, spin coating, slurry painting, and 
electrophoretic deposition. Films were required to be 10 µm or less and repeated 
processing was applied to achieve thicker films for stable long term operation of 
electrodes. These electrodes were suitable for application in a SOFC fuel cell 
operating at 1000 °C. Delamination was prevented by spraying a colloidal solution on 
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a heated substrate to remove the solvent during deposition. The authors found that the 
abrupt interface between components of the electrode was suppressed.  
 
Furuya (2001) reported the production of a gas diffusion electrode where electrode 
materials were dispersed in aqueous solution with a surfactant. The dispersion was 
flocculated, filtered, dried and subjected to a sheeting process to form the electrode 
sheet, the surfactant was removed, and it was hot-pressed at 380 °C and 4.9 MPa for 
1 min with copper mesh that was integrated in the gas-supply layer and used as a 
current collector. The gas diffusion electrode was made using a dispersion with 
PTFE, carbon blacks and a catalyst. The loading of catalyst was 0.3 – 0.001 mg cm-2. 
The potential of the gas diffusion electrode was measured in 32 wt% sodium 
hydroxide solution at 80 °C for applied current densities. 
 
The patent literature has many descriptions of ways to prepare gas diffusion 
electrodes. Some of the most relevant patents are briefly summarized here. United 
States Patent (USP) 6838408 (Bulan et al., 2005) describes a method for producing 
gas diffusion electrodes, for use in electrolysis cells, by preparing a sheet-like 
structure by rolling a powder mixture containing a catalyst or a catalyst mixture and a 
binder, and then the sheet-like structure is connected to an electrically conductive 
catalyst support by rolling. USP 6881511 by Tosco et al., (2005) describes gas 
diffusion electrodes containing modified carbon products with attached organic 
groups that were used as part of the active layer and/or the blocking layer to extend 
the service life of electrodes. USP 6361666 (Lipinski and Leuschner, 2002) describes 
the preparation of thin, flat, porous gas diffusion electrodes made of carbon, which 
have a smooth surface with regulated porosity obtained by pyrolysis of a composite 
of an organic polymer and a reinforcing skeleton formed partially using organic 
material. USP 5733430 (Ashida et al., 1998) describes a gas diffusion electrode that 
can be applied as an oxygen cathode for sodium chloride electrolysis, which is 
formed of a porous layer containing a super-fine particle catalyst and a fluorine-
containing material on a substrate that is connected to a gas-liquid permeable 
collector. USP 5618392 (Furuya, 1997) describes a gas diffusion electrode 
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comprising a reaction layer and a gas diffusion layer attached to each other. The 
electrode has apertures through the electrode to facilitate the flowing of an electrolyte 
and a gas even though the interelectrode distance is small. 
 
Cox et al. (2005) in United States Patent 6911411 describe catalyst agglomerates for 
membrane electrode assemblies. This patent indicates the different formulations of 
ink required on either the anode or the cathode and recommends that the amount of 
polymer solution added as binder should contain a weight of polymer from 6 to 15 % 
of the catalyst for the anode side electrode and 7.5 to 15 % of the catalyst for the 
cathode side electrode. The optimum level of polymers depended on the type of 
polymers, the operating conditions including aspects such as temperature, gas 
humidification level, and passive or active transport of reactants to the electrode 
surface. The catalyst composition could be applied onto the polymer membrane by 
using techniques such as sputtering, painting, electro-deposition, spraying, decal 
transferring, filtering and filtering transfer, tape casting, and screen printing. The 
coated layer was either hot or cold pressed or calendered. Another approach given 
was that the catalyst agglomerates could be applied onto a backing layer to be 
indirectly transferred to the membrane surface. In this patent a dilute Nafion® 
ionomer solution was prepared by mixing 3.584 g of 5 % ionomer, 1.792 g of water, 
and 1.792 g of isopropanol (isopropanol:water=1:1) using a sonication bath for 10 
min or by mixing 8.823 g of 5 % Nafion® ionomer and 26.47 g of water (3 times the 
amount of 5 % ionomer). 
 
As these various studies and patents show, various aspects need to be considered in 
the preparation of composite electrodes. The support substrate type as well as the 
components and the composition of the micro emulsion or ink used to form the 
electrocatalyst containing film upon the support requires optimization. The variables 
that can be explored include different support substrates, different binders, different 
supported or unsupported nano scale electrocatalyst, and various solvents. The 
relative amounts of each component of the ink should be considered in terms of the 
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final concentration of electrocatalyst desired per unit area in the thin film deposited 
on the substrate. 
 
Pt containing gas diffusion electrodes are described by various authors. Pt is 
considered to be the best metal for the reduction of hydrogen ions. The rate of 
hydrogen evolution from different metal surfaces can vary greatly (Tafel, 1905). The 
value for the exchange current density of hydrogen evolution on platinum is 
approximately 10-2 A cm-2 whereas on Ni it is 10-7 A cm-2, which is five orders of 
magnitude lower than Pt for the rate of hydrogen evolution. The exchange current 
density is defined as the rate of oxidation or reduction of the metal electrode at 
equilibrium expressed in terms of current and represents the rates of oxidation and 
reduction of a given single electrode at equilibrium, when no loss or gain is 
experience by the electrode material. The magnitude of exchange current density is a 
function of metal composition, surface roughness, concentration of both the reactants 
and products involved in the reaction, and surface impurities (Corrosion Source, 
2008). This source reveals that a higher exchange current density exists for the H+/H2 
system equilibrium on platinized platinum (10-2 A cm-2) with a high surface area 
compared to bright platinum (10-3 A cm-2), but is markedly reduced in the same 
system by the presence of trace impurities such as sulfur. The approximate exchange 
current density for the reduction of hydrogen ions on a range of materials is shown in 
Table 5.1.  
 
Table 5.1 Approximate exchange current density (j0) for the hydrogen oxidation 
reaction on different metals at 25 ºC (Corrosion Doctors, 2008). 
Metal Log10 j0 (A cm-2) 
Pb -13 
Zn -11 
Sn -10 
Ni -7 
Fe -6 
Pd -4 
Pt -2 
 
It requires an overvoltage of about 0.2 V to liberate hydrogen gas from a polished 
platinum surface and the factors that determine the overvoltage of an electrode at any 
CHAPTER 5 
____________________________________________ 
 142
one pressure is the size of the gaseous nuclei that can cling to it, the surface tension, 
and the pressure (Macinnes and Adler, 1919; Macinnes and Contieri, 1919). The 
potential windows of Pt, Ni and carbon electrodes differ in aqueous solution and it is 
necessary to consider the electrode's hydrogen overvoltage, oxygen overvoltage and 
dissolution as well as the electrolyte pH. For instance, Pt has a potential window 
between about -1.1 and 1.2 V at pH 14 whereas the window changes to between -0.9 
and 0.9 V at pH 7 and about -0.3 and 1.25 V at pH 0, and Ni metal dissolves in acidic 
solution. 
 
Nørskov et al. (2005) studied the bond energies of various transition and noble metals 
to understand the trends in the exchange current for the hydrogen evolution reaction 
(HER) and they found a relationship between the exchange currents and the 
calculated hydrogen adsorption energies. Calvo and Balbuena (2007) on the other 
hand studied the oxygen reduction reaction (ORR) over Pt and Pt-Pd alloys and found 
that none of the alloys tested provided better sites than those of pure Pt both for O2 
dissociation and for the reduction of oxygen and OH to water. The kinetics of the 
HER in 6 M KOH electrolyte have been studied (Elumalai et al., 2002) on electrodes 
made from the pressed powders of submicron size Co, Ni and Co–Ni alloy powders. 
 
Morimoto et al. (2000) describe gas diffusion electrodes made of electroconductive 
porous PTFE sheets supporting Pt catalysts that were used as the oxygen reduction 
cathodes for chlor-alkali electrolysis. These authors found that the activity of the 
cathode deteriorated because of loss of Pt catalyst due to the oxidative corrosion of 
the carbon substrate. 
 
Hayashi and Furuya (2004) describe the preparation of gas diffusion electrodes by 
precipitates deposited from carbon-polytetrafluoroethylene dispersions using an 
electrophoretic deposition technique. These electrodes were applied in a fuel cell 
using Pt as a catalyst in alkaline solution to promote oxygen reduction and the ability 
of the gas diffusion electrode for hydrogen oxidation was reportedly high. 
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A bifunctional electrode structure for a unitized proton exchange membrane 
regenerative fuel cell was developed by Shao et al. (1999). The electrode comprised a 
thin catalyst layer with a loading of 0.4 mg cm-2, which minimized mass transport and 
ohmic limitations. In that study platinum black was used as bifunctional hydrogen 
catalyst, and platinum black and iridium oxide was used as the bifunctional oxygen 
catalyst. The combination of 50 wt% Pt and 50 wt% IrO2 was reported to be a good 
bifunctional catalyst for the oxygen electrode. The electrode support layer used was a 
sheet of carbon paper that was soaked in a PTFE emulsion and the support thus 
contained about 30 wt% PTFE. The thin film fabrication approach is most similar to 
that described in this chapter. 
 
Some studies use alloys of metals and various combinations of base metals for 
electrode formation which may be useful for the HER.  The purpose of using mixed 
oxides is to modify the electrochemical properties of the active metal by modifying 
its composition.  In United States Patent 4586998 (Wood, 1986) cathodes were 
produced by electro-depositing an outer layer of Pt group metal on a nickel or nickel 
alloy substrate. In United States Patent 4273624 (Laitinen and Thornton, 1981) a thin 
platinum film was electrodeposited on a conductive tin oxide surface. This patent 
indicated that tin oxide electrodes are less active compared with platinum because of 
high overpotentials, which result in very high power losses in commercial processes. 
Pure tin oxide (SnO2) has a relatively high electrical resistance in comparison to other 
metals and observed current densities were about 10-4 A cm-2 for a polished tin oxide 
substrate. The electrical stability and conductivity may be improved through the 
introduction of a dopant, such as antimony. Electrodes, such as Ti/SnO2 electrodes 
possess relatively high oxygen evolution reaction (OER) potential to produce a high 
concentration of OH radicals and are typically used for the oxidation of organic 
pollutants (Ding et al., 2007). SnO2 particles as Pt support have been used for 
PEMFCs and DMFCs, and have revealed high catalytic activities toward methanol 
oxidation (Jiang et al., 2005).  Three dimensional Ti/Co/SnO2-Sb2O5 electrodes 
combined with activated carbon are described by Wang et al. (2007) for the 
electrochemical treatment of wastewater.  Mixed-oxide electrode coatings based on 
CHAPTER 5 
____________________________________________ 
 144
IrO2, RuO2 and SnO2, for the oxygen evolution reaction (OER) were prepared using a 
thermal decomposition method (Vazquez-Gomez et al., 2006).  SnO2-RuO2 oxides 
were prepared by mechanical alloying using high-energy ball milling of various 
proportions of pure SnO2 and RuO2 powders (Gaudet et al., 2005). The electrodes 
were made with slurries containing the oxide material, water, and 10 wt. % Teflon 
which was then painted on both sides of pretreated Ti platelets. 
 
Giz et al. (2003) describe Ni-Cu-Fe electrodes obtained with an acetate bath for the 
electrochemical codeposition of Ni-Cu-Fe at low pH. These electrodes showed low 
overpotentials for the HER, around 0.150 V at 80ºC, in brine solution (160 g L-1 NaCl 
and 150 g L-1 NaOH), and good stability under continuous long-term operation for 
260 h was reported. The overpotential under the same conditions for the Ni-Cu-Fe 
electrode was 249 mV lower than that of mild steel (404 mV), used in commercial 
unipolar electrolyzers. Poor intrinsic catalytic activity of the Ni-Cu-Fe electrodes was 
compensated by an improvement due to the larger electrode surface area obtained by 
this technique of preparation.  
 
This route of enhancement of surface areas of non-noble metals as electrode materials 
is one route to overcoming the low activity of these materials, and was the approach 
followed in this chapter where certain of these non-noble metals (SnO2, Ni) were 
applied as stabilized nano particles. 
 
5.4 APPROACH IN FORMATION OF COMPOSITE ELECTRODES 
 
This chapter further explores the effect of varying components upon the activity of 
the composite electrodes. The type of catalyst and ratio of catalyst to Nafion®, as 
binder and proton conductor and any additional electroconductive phase, as well as 
the necessary solvents and dispersant medium may be varied in order to optimize the 
composition of the catalytic ink.  The formation of nanophase containing composite 
electrodes is described in the following sections. 
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Composite nanophase electrodes were formed by sequential deposition through firstly 
preparing the mesoporous and microporous supported catalysts described in section 
5.6.1.5 of this chapter where after admixtures of the powder nanophase 
electrocatalysts were made with a conductive phase (carbon black), and various 
binder types, or a proton conductive phase (Nafion® LIQUION 1100). Solvents that 
were used included ultra pure water, acetone, and toluene. 
 
The micro emulsions or inks formed by these admixtures were coated upon a variety 
of conductive substrates by various deposition techniques (spray coating, dip coating, 
casting, or hot-pressing with polytetraflouroethylene). The catalytic inks contained 
various binders or proton conductive phases in ratios of solids that took consideration 
of the percolation threshold.  Different ratios of catalyst to binder and conductive 
phase were explored.  In some cases the electrocatalytic material was substituted with 
commercial nanomaterials such as nanophase antimony tin oxide.  
 
Various methods were investigated for deposition of the micro emulsion or ink, 
which included spray coating, dip coating, sponge coating, casting, as well as heat 
and pressure fusion. Moreover the method for mixing of the ink was evaluated and it 
was found that ultrasonication of the ink was necessary for good dispersion but that 
excessive ultrasonication could damage the catalytic particles. Since this method of 
mixing is established practice, the dispersion by stirring and ultrasonication was not 
further varied. 
 
5.5 CHARACTERIZATION OF COMPOSITE ELECTRODES 
 
Cyclic voltammetry and chronoamperometry analysis were chosen as the most 
suitable methods to determine the activity of newly developed electrode materials 
after controlling the accuracy and reproducibility of the technique under the chosen 
experimental conditions. In chronoamperometry the current, which is recorded 
continuously, is measured versus time at a defined potential and variations over time 
are then integrated numerically. Measurements may be done under galvanostatic 
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control of the current, or potentiostatic control of the voltage and in this study were 
obtained potentiostatically using the Autolab galvanostat and potentiostat and 
General Purpose Electrochemical system software (GPES by Ecochemie, 
Netherlands).  The Autolab galvanostat, potentiostat and GPES provided a computer 
controlled electrochemical measurement system which can be used for cyclic and 
linear sweep voltammetry, including techniques such as galvanostatic cyclic 
voltammetry, and chrono methods.  
 
In voltammetry the current density (mA cm-2) of the materials as a function of the 
applied potential are taken as a measurement of the activity for water electrolysis 
under conditions that caused polarization of the working electrode. All variables that 
may influence concentration polarization and thus the over-potential and therefore the 
electrode response were kept constant as far as possible. By this means, competing 
equilibria of dissociation, association and complex formation were avoided as far as 
possible or at least were present to an equivalent degree. In particular the geometric 
electrode area and shape in the case of membrane electrodes were carefully 
controlled. Moreover, in high electrolyte studies, an excess of inactive supporting 
electrolyte was used and electrolyte concentration, temperature and stirring rate were 
also identical in all cases to maintain similar conditions of species diffusion, 
migration and convection. Samples were purged with a flow of nitrogen to minimize 
residual currents due to small amounts of dissolved oxygen.  
 
Cyclic voltammetry and chrono amperometric experiments were performed over 
electrodes that had not been exposed to an oxidizing cycle. The oxidation and 
reduction wave, onset of hydrogen evolution and increasing over potentials over a 
number of cycles were evaluated for some samples in order to optimize the testing 
conditions. Selected samples were exposed to aging in 40 % KOH and retested for 
reproducibility. Furthermore, some samples were exposed to extended cycling or high 
voltages during voltammetry in order to accelerate aging and test composite layer 
stability. 
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Initially the relative electro activity of various electrocatalysts was determined 
qualitatively in liquid alkaline electrolyte systems at low temperatures (0-5 ºC) to 
reduce the effect of nuisance variables such as temperature changes during testing 
and in order to screen prospective candidate nanophase electrocatalyst and optimize 
ink formulations.  Selected electrode materials were characterized by optical 
microscopy and SEM and tested at higher temperatures. 
 
5.6 EXPERIMENTAL: MATERIALS AND METHODS 
 
5.6.1 Materials 
 
5.6.1.1Binders 
The different binders or conductive phases that were used in the processing of the 
composite electrodes, and their designated codes are listed in Table 5.2. 
 
Table 5.2 Types of binder or conductive phase 
Code NAME SUPPLIER Stock and Lot no. 
A Polyvinyl acetate Industrial Analytical (Pty) Ltd. A12732; D9795C 
B Polystyrene  Industrial Analytical (Pty) Ltd. A11170; C5600 
C Polytetraflouroethylene Industrial Analytical (Pty) Ltd. A12613; B5544C 
N Nafion® LIQUION 1100 Ion Power Co., Glasgow 5 wt% EW 
solution in water 
CB Hydrophilic carbon black 
 
Source: Cabot Botlek BV  grade: m Vulcan x 
C72; sample no.: 
GP3784 
 
Nafion® perfluorinated ion exchange resin solution 5 wt% is presented as a lower 
aliphatic alcohol and water 85 % ethanol and 15 % methanol mixture, Aldrich 
catalogue no. 527084. Nafion® polymer solution is a dispersion of perfluorosulfonic 
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acid and polytetrafluoroethylene copolymer, and is a product of E. I. du Pont de 
Nemours Company. 
 
5.6.1.2 Supports 
The different support substrates that were investigated and their designated codes, 
used as descriptor in graphics, are specified in Table 5.3. 
 
Table 5.3 Types of support substrates 
Code Support Type 
a Carbon black on carbon cloth (code 6100-200 CB) supplier Lydall 
b Carbon cloth (code: 6100-300) supplier Lydall 
c Activated carbon on carbon cloth (6100-200 AC) supplier Lydall 
d ZrO2 backed with stainless steel mesh, (Product number: Z240S lot Hy Te 
010806/01/05 (17), Ω 0.7, 240 nm pore size) supplier Creavis Gesellschaft für 
Technologie und Innovation mbH D-45764 Marl 
e Lydall Technical Ceramic paper: Sample: 3000LF 
f Lydall Ceramic paper 40% glass: Grade IP-397-2 
g Teflon (PTFE) sheet 
h Stainless steel mesh 
 
5.6.1.3 Solvents 
The following solvents were varied in the preparation of nanophase composite 
electrodes: 
Ultra pure water, acetone, toluene. 
 
5.6.1.4 Commercial Electrode Materials 
For comparative purposes, the following commercial Ni foil materials were tested 
under identical conditions to the nanophase composite electrodes: 
 
i)  Flat Ni foil – 0.787 mm thick, 99.5 % metals basis. Alpha Aesar stock # 
14193; Lot # J22J09. 
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ii) Ni Foam manufactured by Recemat International B.V., P.O.B. 88 2920 AB 
Krimpen A/D IJSSEL. 
Type A –. RCM-Ni-4852-01.6 
Type B – RCM-Ni-2733.3 
Type C – RCM NC-4852.01.6 
 
5.6.1.5 Nanophase Electrocatalysts 
In those cases where an electro active nanophase catalyst was included in ink 
formulations, the following particulate or micro and mesoporous supported 
nanophase materials were evaluated for electro catalytic activity in a high electrolyte 
environment. 
 
i. Nanotek Antimony Tin Oxide (designated SbSnO in this study), 99.5 % pure 
consisting of a ratio of Sb2O5 : SnO2 of 10: 90 obtained from Nanophase 
Technologies Corporation. (Part #: ATO- 2400-000-025; batch # AT00831 – 
05X; product code 2400). Particle size ranging between 11-29 nm; a surface 
area of 30-80 m2 g-1 (BET) with density of 6.8 g cm-3.  
ii. Platinum, nominally 40 % on carbon black (supplied by Alpha Aesar a 
division Johnson Matthey) denoted JM Pt40/C in this study and characterized 
in Chapter 4. 
iii. Zeolite H-FAU (CBV780 Lot. No 78001N00257; Zeolyst International; 
dealuminated faujasite with a given analysis of: Si/Al 80; wt% Na 0.03;  BET 
surface area of 780 m2g-1, was impregnated with 1 mL 0.1545 M H2PtCl6 
soln, and Pt reduction was achieved with sodium hypophosphite as follows. A 
solution of 0.48 g of sodium hypophosphite was made in 10 mL H2O. 2.5 mL 
of this solution was added to 1.0 g of Pt zeolite samples that had been 
impregnated by the incipient wetness technique.  Samples were shaken in 
solution and then placed in a hot air oven at 50 °C for 4.5 h. The oven 
temperature was increased to 100 °C overnight in sealed containers. 
Thereafter the samples were thoroughly rinsed and dried at 80 °C. Nanosized 
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particles of Pt were supported upon the zeolite as observed by Transmission 
Electron Microscopy, with Pt cluster sizes ranging between 5-10 nm. 
iv. Ni plated gamma alumina: Pre-dried gamma alumina (Condea) was plated 
with Ni according to the following Ni electroless plating technique. About 2 g 
of gamma-Al2O3 was contacted with 20 mL 0.01 M PdCl2 for 1 h under 
stirring, then filtered, rinsed and dried in a vacuum oven overnight.  
Thereafter the modified alumina was contacted with 10 mL NaH2PO2 for 1 h 
under stirring and subsequently filtered, rinsed and dried in a vacuum oven. 
The sample was then exposed to 15 mL of a Ni plating solution for 1 min at 
80 °C under stirring, where after it was filtered, rinsed thoroughly and dried 
overnight in a vacuum oven at 80 °C. The plating solution was composed of 
31 g L-1 NiSO4, 54 g L-1 NaH2PO2, 50 g L-1 lactic acid and 38 g L-1 acetic 
acid, which was adjusted to a pH of 4.5 prior to use.  
v. Au HMS:  The deposition and reduction method (methanol / formaldehyde 
reduction method) was as follows. 1.0 mL of 0.3004 M Na[AuCl4] + 0.60 mL 
of ultra pure water + 0.80 mL of methanol +1.60 mL formaldehyde were 
mixed. 1.0061 g of HMS (prepared as specified by Zang et al., 1997) was 
mixed thoroughly with 1.0 mL of reduction solution and followed by drying 
the sample in an oven at 100 ºC for 1 h to initiate primary seeding of Au. The 
sample was allowed to cool down and the rest of the 3.0 mL of the reduction 
solution was added. It was then kept at room temperature for 24 h. The colour 
of the sample was yellow at this stage. It was then subjected to heat again at 
100 ºC for 2-3 h, but no colour change was observed. Then it was heated at 
350 ºC in a furnace for 4 h. The sample turned reddish pink in colour. 
vi. Pt HMS carbonized and Pt MCM-41 carbonized: The mesoporous substate 
was prepared as is specified in Chapter 3. The Pt containing electrocatalyst 
denoted  Pt HMS carbonized and Pt MCM-41 carbonized were prepared by an 
incipient wetness impregnation procedure as follows: A solution of 0.1545 M 
H2PtCl6 was prepared using 1.00 g H2PtCl2/12.5 mL H2O to give a 0.1545 M 
solution.  1 mL of this solution was impregnated into 1.0031 g HMS zeolite as 
well as 1.0054 g MCM-41 zeolite. The slurry formed was stirred at 80 ºC until 
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dry. Pt reduction was achieved as follows: 1.0081 g of MCM-41 and 1.0005 g 
of HMS impregnated with the Pt solution were reduced as follows: 0.8 mL 
methanol and 1.6 mL formaldehyde (37-41 % solution) were mixed. The 
above masses of the zeolites were submerged in 1.0 mL plating solution each 
for 1 h to initiate platinum seeding (this was done at room temperature). The 
samples were then dried at 100 ºC for 1 h. The samples were kept at room 
temperature for one day and then heated to 100 ºC for 1 h. The samples were 
then cooled, thoroughly rinsed and then dried at 80 ºC.  
5.6.2 METHODS 
 
The materials mentioned above were utilized to make electrodes in the manner 
explained below. The block diagram (Figure 5.1) schematically shows the sequential 
deposition procedure for fabricating the composite nanophase electrodes including 
characterization and the activity testing.  
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1 Block diagram of the sequential deposition procedure  
  
1. Preparation of nanophase electrocatalyst (supported or unsupported) 
2. Support preparation 
3. Ink preparation 
4. Supporting procedures (a, b, c, etc.) 
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5. Characterization  
6. Electrochemical testing 
 
Each of the steps in the process of sequential deposition for fabricating the composite 
nanophase electrodes including characterization and the activity testing is described 
in the results section below. 
 
5.6.2.1 Preparation Of Nanophase Electrocatalysts 
Unsupported nanosized SbSnO2 and Pt on carbon based electro commercial catalysts 
as listed in Section 5.6.1.5 were purchased. Supported Au, Pt and Ni-Pd nano 
particles were prepared as specified in section 5.6.1.5. A summarized supporting 
procedure was generally: The metal solutions of interest (e.g. Au, Pt) were 
impregnated into various micro or mesoporous zeolitic supports (FAU, HMS, MCM-
41) and reduction was performed by thermal reduction, methanol formaldehyde or by 
a sodium hypophosphite method (Petrik, 2003). These materials were not extensively 
characterized, except by TEM. In some cases, where specified, the supported 
nanophase catalyst was thereafter carbonized by carbon sputtercoating or by CVD 
using LPG (Petrik et al, 2008) in order to ensure good conductivity and connectivity 
between the Si matrix and the carbon black used as conductive phase in the ink 
formulations (Section 5.6.2.3). 
 
5.6.2.2 Support Preparation 
Different electrode substrates (Table 5.2) were used as the electrocatalyst containing 
film support, and cut into appropriate size before use. The weights of these substrates 
were recorded before and after deposition of the ink. The substrate by itself or the 
formed composite electrode was connected to the power source via electrical leads 
and clips and tested electrochemically. 
 
5.6.2.3 Ink Preparation 
The ink was typically prepared by mixing Nafion® ionomer solution, carbon black 
and the nanophase catalyst in a solvent or solvent/water to make an ink. The mixture 
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was placed in an ultra sonic bath for 5 min - 1 h and then magnetically stirred 
overnight. The ink formulations were optimized with reference to catalyst type, 
catalyst loading, proton and electron conductive phases, binder type, and solvents. All 
inks with or without catalysts were prepared in the following manner. 
 
The amount of carbon black (conductive phase Carbon black Cabot Botlek BV; 
grade: n Vulcan x C72; sample no.: GP3784) usually 40 % of the total mass without 
catalyst (or 20 % of total mass in the case where a catalyst was added) was weighed 
out. Thereafter the catalyst (usually 20 % of the mass of solids) was weighed and 
added to the carbon black and mixed by grinding. The appropriate amount of solvent 
was added. In many cases this was ultra-pure water. Thereafter the binder solution 
(usually 60 % of total mass of ink formulation) was added, which was Nafion® (5 % 
solution) in some cases. Then the mixture was placed in an ultrasonic bath for 30 – 60 
min to disperse the particles and form a homogenous ink. The ink was magnetic 
stirred until use to prevent precipitating of the particles. The compositions of the 
different micro-emulsions or inks used in this study are presented in various tables in 
the result section in conjunction with the results for electro activity testing.  
5.6.3 Supporting Procedure 
 
The different supporting procedures that were used to prepare composite electrodes, 
namely casting, dip and sponge coating, hotpressing, and spray coating, are described 
in this section. Nanoparticles of Sb/SnO were used, as an example of processing non-
supported nanophase particulates in electrocatalyst containing film format. Pt-FAU, 
Au –HMS, Pt- HMS and Pt MCM-41 were applied as examples of processing 
supported nanophase materials in electrocatalyst containing film format. 
 
5.6.3.1 Casting method 
A casting procedure was investigated using the following ink mixtures: 
i) Polyvinylacetate was dissolved in acetone with carbon black 
ii) Polystyrene was dissolved in toluene with carbon black and Sb/SnO 
iii) Nafion® and carbon black 
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i) Casting method using Polyvinylacetate and acetone with carbon black 
1 g of Polyvinylacetate was dissolved in 25 mL of acetone. 0.5 g of carbon black 
conductive phase (Source: Cabot Botlek BV; grade: m Vulcan x C72; sample no. 
GP3784) was mixed into 10 mL of this solution. The mixture was placed in the ultra 
sonic bath for 30 min, and then magnetically stirred until used.   
 
ii) Casting method using Polystyrene and toluene with Carbon black and Sb/SnO 
 Carbon black: 
1 g Polystyrene was mixed into 20 mL toluene [C6H5CH3: FW 92.14] and stirred for 
1 h to dissolve. 0.5 g Sb/SnO and 0.5 g Carbon black (Source: Cabot Botlek BV; 
grade: m Vulcan x C72; sample no.: GP3784) were mixed into 10 mL of this solution 
and placed in an ultrasonic bath for 30 min and the mixture was then stirred 
magnetically until used. 
 
Carbon black and Sb/SnO 
0.5003 g of commercial antimony tin oxide (Sb/SnO) and 0.5007g of Carbon black 
were weighed and mixed with 20 mL of polystyrene solution (20 mL of toluene and 
1.0141 g of polystyrene). The mixture was placed in an ultra sonic bath for 30 min, 
and then magnetically stirred for 3 h. 
 
iii) Casting method using 50% of Nafion®  and 50% Carbon black 
0.5464 g of Nafion® (Liquion 1100  5wt % Nafion® 1100 EW solution), and 0.5071 
g of hydrophilic carbon black (Source: Cabot Botlek BV; grade: m Vulcan x C72; 
sample no.: GP3784) was weighed respectively and  mixed with 10 mL of ultra-pure 
water. The mixture was placed in the ultrasonic bath for 30 min, and then 
magnetically stirred until used.   
 
The following casting procedure was used with the prepared ink mixtures. A stainless 
steel template was manufactured that had exactly sized wells into which exactly sized 
(2 cm2) portions of the different support substrates were placed. A precision standard 
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weighing balance was used to weigh the same amount of ink onto all of the 
substrates, about 0.55 g of ink was cast onto all of the substrates by using a pasteur 
pipette. The electrodes were placed in the oven for 30 min at 100 °C to cure the 
electrode and remove solvents or water.  
 
5.6.3.2 Dip coating and sponge coating 
The six different substrates (a-f) listed in Table 5.2 were dip coated with the 
appropriate ink mixture or the ink was sponged upon each respective substrate. The 
following procedure was followed for the preparation of ink for dip coating or 
sponging on various substrates. 2.1126 g of Carbon black (Company: Cabot 
Botlek;Grade: Vulcan xc 72,  Sample No: GP 3789 [http://wl.cabot-
corp.com/index.jsp]), 5.9460 g of 15 % Nafion® (15 wt% ; 1100 EW solution) and 
10.2398 g of water were mixed together. The above mixture was put in an ultrasonic 
bath for 40 min and then stirred magnetically overnight. The mixture was then 
divided in two; to one half 2.1375 g Sb/SnO catalyst was added to the mass of the 
carbon black (denoted N/CB/SnO). (The other half portion without catalyst was 
denoted N/CB). A further 30 g of water was added to each of the mixtures as the ink 
initially formed too viscous a slurry. The various substrates were dipped into the 
appropriate mixture or the inks were sponged upon each respective substrate then 
dried at room temperature and further dried in an oven at 80 °C overnight. The 
electrodes were then weighed to determine the increase in mass. 
 
5.6.3.3 Hot pressing preparation technique 
Polytetrafluoroethylene (PTFE) was used as binder in the hot pressing technique as 
PTFE is chemically resistant, incombustible and insoluble in all known solvents, 
being attacked only by molten alkali metals and by fluorine at high temperatures. 
PTFE may be used up to 260 ºC. It may be shaped by compression and sintering 
where its chemical stability and non-wettability make it suitable for use in extreme 
circumstances. Therefore PTFE particles were used as a binder by mixing them with 
carbon black and grinding the mixture to its finest state, applying the  finely ground 
mixture onto the substrate and then hotpressing using an Adendorff pneumatic press 
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with built in heating stage. Various combinations of conductive phase, binder and 
catalyst were hot pressed onto two different support types (e and g). In particular, 50 
% PTFE binder (C) was pressed in an area of 1 cm2 with 50 % Carbon Black as 
conductive phase and in some cases with additional Sb/SnO catalyst. Conditions of 
hot pressing that were investigated, varied between 150-160 °C, for 2-10 min at 0-20 
bars upon a ceramic based support (e). Upon support g (a Teflon membrane), 
conditions were varied between 130 and 180 °C for 2 to 3 min at 20 to 41 bar 
pressure with and without Sb/SnO nanophase catalyst. 
 
5.6.3.4 Spray Coating  
Spray coating (with Badger air-brush 150TM) was used to coat the chosen substrates 
with the catalytic ink. In order to spray the same amount of ink upon all the 
substrates, a pipette was used to measure the amount of ink to be sprayed upon each 
of the substrates (about 1 mL of ink) into the well of the airbrush. The electrodes 
were dried at room temperature or with a jet of hot air and weighed to determine the 
increase in mass. 
 
In general, a polymeric resin binder was mixed with either 10 mL of toluene or in the 
case of Nafion®, water, and stirred until dissolved. Thereafter, a portion of this 
solution was added to a mixture of hydrophilic carbon black (Source: Cabot Botlek 
BV; grade: m Vulcan x C72; sample no.: GP3784) and  a nanophase particulate or 
supported catalyst (when used). A slurry was thus formed, which was mixed to 
uniformity in an ultrasonic bath for 10 to 30 min. The slurry was spray coated onto 
various support substrates chosen from Table 5.2 above using an airbrush with N2 as 
carrier. The spray coated samples were dried at 90 °C for 4 hr and the thus formed 
composite electrodes were then applied in electrochemical tests. The different inks 
prepared and sprayed included: 
i. 60 % Nafion® and 40 % Carbon black 
ii. 60 % Nafion®, 20 % Carbon black and 20 % Antimony tin oxide (Sb SnO) 
iii. 60 % Nafion®, 20 % Carbon black and 20 % Pt zeolite  
iv. 60 % Nafion®, 20 % Carbon black and 20 % Ni-gamma alumina  
CHAPTER 5 
____________________________________________ 
 157
v. 10 % Polystyrene + 90 % Carbon black mixed in 10 mL of toluene. 
vi. 50 % Polystyrene, 25 % Carbon black and 25 % Pt zeolite 
 
Details of different preparation conditions of composites prepared by sequential 
deposition are summarized below and listed in Tables 5.4 to 5.8 
 
i) Ink preparation using a mixture of 60 % Nafion® and 40 % Carbon black 
0.6473 g of Nafion® solution and 0.4040 g of hydrophilic carbon black (Source: 
Cabot Botlek BV; grade: m Vulcan x C72; sample no.: GP3784) were weighed and 
mixed in 10 mL of ultra-pure water to prepare the ink. The mixture was placed in the 
ultrasonic bath for 1 h and then magnetically stirred overnight. Spray coating with an 
airbrush was used to coat the substrates. In order to spray the same amount of ink 
upon all of the substrates, a pipette was used to measure the amount of ink to be 
sprayed upon each of the substrates (about 1 mL of ink). A electrocatalyst containing 
layer of ink was sprayed, air dried and weighed. This was repeated until the required 
mass increase was obtained. The electrodes were dried at a room temperature 
overnight. Thereafter the electrodes were tested for hydrogen production. 
 
ii) Ink preparation of 60 % Nafion®, 20 % Carbon black and 20 % Antimony tin 
oxide (Sb/SnO) 
0.6270 g Nafion® solution, 0.2163 g carbon black and 0.2158 g of Sb/SnO were 
mixed with 10 mL of ultra-pure water. The ink preparation and spraycoating 
procedures were the same as in the case of 60 % Nafion® and 40 % carbon black. 
 
iii) Ink preparation for 60 % Nafion®, 20 % Carbon black and 20 % Pt zeolite  
0.6048 g Nafion®, 0.2164 g carbon black and 0.2031 g of Pt zeolite were mixed with 
10 mL of ultra-pure water. The ink preparation procedure was the same as the above 
for 60 % Nafion®,  20 % carbon black and 20 % SnO. The procedure of preparing 
the ink with nickel supported on gamma alumina was the same as that used with the 
platinum zeolite and Nafion®. The mass of Nafion® used was 0.6133 g, the mass of 
Ni gamma alumina was 0.2059 g, and the mass of Carbon black was 0.2029 g. 
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iv) 10 % Polystyrene + 90 % Carbon black mixed in 10 ml of toluene - as in (i). 
 
v) Ink preparation for 50 % Polystyrene solution, 25 % Carbon black and 25 % Pt 
zeolite 
0.5051 g of polystyrene was mixed with 20 mL of toluene to make a solution. 
Typically 0.25 g of carbon black and 0.25 g of Pt zeolite (or other catalyst) were 
added into the polystyrene solution to make the ink, which was used for coating the 
substrates. The ink was placed in an ultrasonic bath for 1 h and then magnetically 
stirred overnight. Spray coating was used to coat the substrate. About 1 mL of ink 
was used to spray each of the substrates to make electrodes. A layer of ink was 
sprayed, air dried and weighed. This was repeated until the required mass increase 
was obtained. The electrodes were dried at room temperature overnight.  Thereafter 
the electrodes were tested for hydrogen generation. 
 
5.6.3.5 Characterization 
Micro and mesoporous electrocatalysts presented in this chapter were characterized 
mainly by TEM as these materials were prepared using techniques that are well 
known in gas phase catalysis to result in monodispersed or nanoparticles of Pt or Au. 
Their application as electrocatalysts is novel. Physical-chemical and structural studies 
of gas diffusion electrode materials were performed in selected cases using 
techniques such as optical microscopy, PIXE, and SECM as is described in Chapters 
3, 6 and 7.  This chapter mainly focuses on characterization of the electrode 
electrochemical characteristics tested in water electrolysis. 
 
5.6.4. Electrochemical Testing 
 
The electrolysis reaction in an alkaline environment is schematically shown in Figure 
5.2 (a) and a schematic of two electrode cell setup for hydrogen production is shown 
in Figure 5.2 (b). 
 
CHAPTER 5 
____________________________________________ 
 159
 
 
Auto Lab 
electrochemical work   
station
Pt – basket counter 
electrode
Electrolyte (40 % KOH)
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Figure 5.2 Water electrolysis in a high electrolyte environment 
 
The activity of the electrodes was tested using a two electrode electrolytic system. 
Each substrate or composite electrode prepared in the manner specified above, was 
cut into an approximately 2 cm2-sized electrode. Stainless steel, corrosive free 
electrode clips were attached to the electrode and the electrode was masked with 
vinyl adhesive tape in order to limit the geometric surface area tested to an exactly 
sized 1 cm2 of high surface area composite electrode for comparative purposes. The 
electrode was suspended in 40 % potassium hydroxide (KOH). This working 
electrode was then clamped with the high surface area of the electrode 1 cm away 
from and facing toward the counter electrode. A large surface area circular basket Pt 
AnodeCathode
4H2O
2H2 + 4OH-
4e-
2H2O
O2 + 4H+
4e-
V
(b) schematic of two electrode cell setup for hydrogen production
(a) electrolysis reaction in an alkaline environment
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counter electrode was used. All the experiments were performed at 0 to 5 oC while 
stirring magnetically after purging with N2. The temperature was controlled by 
placing the cell in an ice bath and controlling the temperature with a thermometer. In 
order to determine the prepared electrode’s activity for hydrogen production by water 
electrolysis, electrochemical analyses was performed on each sample by use of 
chrono amperometry. Each high surface area sample was subjected to an applied 
potential in steps from -1 to -6 V over 60 s in which the potential was increased in 
preset steps at the end of each time interval, at which time the average current was 
sampled in order to determine the response of the electrodes over time. A qualitative 
comparison of activity for water electrolysis was made between the electrodes. Figure 
5.3 shows a schematic of the two electrode cell setup for hydrogen production. The 
setup is connected to the Auto lab electro chemical station. 
 
 
5.7 RESULTS AND DISCUSSION 
 
Composite electrode preparation procedures were used and details of the outcomes of 
sequential deposition and the results of characterization of electrocatalysts, electrodes 
and electro-activity testing are presented in this section.   
 
SEM micrographs of the electrocatalysts applied in this Chapter are shown in Figure 
5.6 (a to e). 
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Figure 5.3 TEM micrograph of Sb/SnO 
commercial nanoparticles  
Figure 5.4 TEM micrograph of Pt HMS LPG 
carbonized 
 
Figure 5.5 TEM micrograph of Pt MCM-
41 LPG carbonized 
Figure 5.6 TEM micrograph of Au HMS  
 
Nanoparticles of Sb/SnO were used in preparation of films, as an example of 
processing non-supported nanophase particulates in film format. Pt FAU, Au HMS, 
Pt HMS and Pt MCM-41 were applied as examples of processing supported 3-
dimensional nanophase materials, with high surface areas and high porosity, into 
electrocatalyst containing films.  In the case of commercial Sb/SnO nanoparticles 
(Figure 5.6 (a)) an average particle size of 27 nm was observed by TEM. For Pt HMS 
(Figure 5.6 (b)) very small and well dispersed sub- nanometer Pt particles were 
obtained. Well dispersed Pt nanoparticles were also obtained in the case of Pt-MCM-
41 (Figure 5.6 (c)), however, some cluster formation was visible. The difference 
100nm 
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observed could be due to the pore structure of the mesoporous matrix which differs. 
HMS has a wormhole structure with pore sizes in the 2-3 nm range (Zhang, 1997) 
whereas MCM-41 has a pore size between 2 and 5 nm (Grün et al., 1999; Mastalir et 
al., 2008). The agglomeration of supported nanophase was more pronounced in the 
case of AuHMS reduced thermaly that resulted in bimodal distribution of gold nano 
particles of  sizes about 5 nm (well dispersed) and 50-100 nm (large agglomerated 
particles) in Figure 5.6(d). This agglomeration may be caused due to the reduction 
temperature used. Average particle sizes for the Pt in Pt HMS and Pt MCM-41 were 
calculated by XRD line broadening using the Scherrer equation and found to range 
from 3.5 to 3.7 nm respectively.  
     
5.7.1 Electro activity of composite electrodes: Baseline studies 
 
The electro activity results obtained in this section represent a comparison of the 
electrochemical response of the composite materials that was determined by the 
current density (A cm-2) obtained at each applied potential (V) in water electrolysis 
for hydrogen production, mainly in 40 % KOH electrolyte, at 0 ºC unless stated 
otherwise.  
 
Because of the three dimensional nature of the prepared composite electrodes, it is 
necessary to remember that activity data presented in the results section have not 
been normalized for active surface area, but are based on a geometric 1 cm2 of 
composite electrode unless otherwise stated, therefore the results of rapid screening in 
the high electrolyte environment are qualitative.  
 
It is again emphasized that hydrogen production by water electrolysis in an alkaline 
electrolyte environment was used as a simple and relatively rapid qualitative measure 
of the electro catalytic activity of the nanophase electrocatalysts in this composite 
format. Poor catalytic performance for hydrogen production was taken as a measure 
of the possible occlusion of catalytic sites by binders or the lack of adequate 
conductive pathways and was used as rapid indicator for optimization of formulations 
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of micro-emulsions or inks. The expected high gas evolution under the applied 
conditions was used as an accelerated aging test of the stability and durability of the 
composite electrode components. Delamination of the catalytic component during 
high gas evolution at the high applied potential was used as a measure of inadequate 
stabilization of the electrocatalyst containing film upon the substrate. 
 
In baseline studies, the commercial JM Pt40/C, as well as the different substrates 
listed in Table 5.3 and various Ni materials were tested in the high electrolyte 
environment. In the case of the commercial JM Pt40/C, ink formulations were 
prepared as specified in Table 5.4.  
 
Table 5.4 Ink formulations using JM Pt40/C catalyst 
Sample name Carbon black Nafion (5%)  JM Pt40/C 
Sample H  0.1012 0.0305 
Sample H1  0.0945 0.0346 
Sample I  0.0578 0.0330 
Sample I1  0.059 0.0349 
Sample J 0.0135 0.0906 0.0331 
 
In these formulations prepared in duplicate, the ink firstly consisted of only JM Pt40/C 
and Nafion® (5 % ionomer soln) at different concentrations (Samples I, I1 and H, H1 
respectively). In the second case Nafion® (5 % ionomer soln) and JM Pt40/C were 
mixed with carbon black (sample J). 
 
These mixtures were spraycoated on a carbon cloth substrate (b) as specified in Table 
5.3 and dried. Excessive catalyst loading in a film may have the effect of lowering of 
the conductive particle volume fraction below the percolatory threshold. However, as 
the commercial Pt catalyst is supported on carbon it is unlikely that this would be the 
case. Nevertheless, the carbon black was added in the ink applied in Sample J to 
verify if it would make a contribution to the electro activity of the electrocatalyst 
containing film. 
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Figure 5.7 Baseline study of composite electrodes prepared with 
commercial JM Pt40/C catalyst* 
 
*40% KOH electrolyte environment at RT or 70ºC and applied potential between -1 and -3V 
 
PLEASE NOTE that although negative potentials were applied, the results are 
presented on a positive axis for ease of reference in most figures presented in this 
chapter. 
 
Fairly good and reproducible current densities of over 0.5 A cm-2 were obtained at -3 
V at room temperature with the electrocatalyst containing film composite electrodes 
prepared with the commercial catalyst, compared to the blank substrate (Figure 5.7). 
Activation was observed below an applied potential of -2 V. Increasing the 
temperature (70 ºC) gave a higher current density as expected for composite sample 
H1 to 0.7 A cm-1 at -3 V. The electronic conduction may have been assisted by the 
other components in the composite electrode such as the carbon support, but the 
effect of the Nafion® binder and carbon black conductive additive was apparently 
minimal, even though the binder content was nearly halved in the formulation used 
for samples I and I1, and a significant amount of carbon black was added to the 
formulation used in Sample J. 
 
Prior to deposition of electrocatalyst containing films of ink composed of binder, 
conductive phase and electrocatalyst, the various substrates (Table 5.3) that were 
used as gas diffusion electrode support substrates were tested for their 
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electrochemical response during chronovoltammetry of an applied voltage between -1 
and -6 V for water electrolysis in a 40 % KOH high electrolyte environment at 0 ºC 
(Figures 5.8).  The lower temperature was applied in the following experiments 
because of the high outputs anticipated and because of the limitation of the 
electrochemical workstation of 1 A output, as well as to avoid any fluctuations in 
room temperature that could affect results and because of the difficulty of 
maintaining the electrolyte concentration at raised temperatures. Results at the lower 
temperature of 0 ºC are thus expected to be lower than in the baseline study with 
commercial JMPt40/C which was obtained at room temperature or 70 ºC. The baseline 
testing was performed to understand the suitability of various commercial substrates. 
It was taken into account that electrochemically active substrates could cause 
delamination of the catalytic ink in film form, because of gas evolution on the 
underlying substrate, hence high electrochemical response was an indicator of 
potential unsuitability of that substrate as film support.  
 
Commercial Ni metal foil and several commercial Ni foam samples were also tested 
under identical conditions as the selected substrates between an applied potential of -
1 and -6 V in order to provide a comparison of activity of commercial substrates with 
the selected support substrates and composite electrode materials to be tested. 
Comparison of electrochemical activity of various types of Ni materials used is 
shown in Figure 5.9. 
 
 
Figure 5.8 Electrochemical activity of 
blank supports b-g * 
Figure 5.9 Electrochemical activity of 
various types of Ni metal foam* 
*40% KOH electrolyte environment at 0ºC and applied potential between -1 and -6 V 
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The results determined above a current density of 1 A are inaccurate due to 
limitations of the electrochemical workstation. None of the substrates that were tested 
showed activation below an applied potential of -2 V (Figure 5.8). The slight 
electrochemical response observed for non-conductive substrates e and g, ceramic 
paper and Teflon (PTFE) respectively, gives an approximate measure of the electrical 
contribution of electrode contacts and metallic clips for lead attachments in contact 
with the electrolyte. Since this was a negligible amount even at high current densities 
this contribution was not further taken into account. Substrate d (Creavis; ZrO2 on 
stainless steel mesh) showed a strong electrochemical response (Figure 5.8) above an 
applied potential of -2 V, increasing to a current density of more than 1A cm-2 at -5 
V, similar to Ni foil and two of the three Ni foams (Racemat) that were tested (Figure 
5.9), and was thus likely to be unsuitable as substrate for supporting a stable thin film 
because of its intrinsic high activity for the hydrogen evolution reaction (HER) at 
higher applied potential.    
 
The substrates (Figure 5.8) and different Ni metal samples (Figure 5.9) themselves 
showed no activation below an applied potential of -2 V but some of the Ni metal 
foam samples were generally capable of high current densities at an applied potential 
of -5 to -6 V. Although Ni foam samples have highly enhanced surface areas, the 
surface integrity of the metal foam bubbles prevented access of the electrolyte to the 
interior surfaces of the foam structure, thus these materials proved not to be much 
more active than Ni foil by itself under the applied conditions.  
 
The rate at which hydrogen ions are transformed into hydrogen gas is a function of 
the rate of electron transfer from a metal to hydrogen ions and as there is a wide 
variability in this transfer rate of electrons by various metals, the rate of hydrogen 
evolution from different metal surfaces can vary greatly (Tafel, 1905).  In the case of 
the Ni electrodes, it should be considered that the exchange current density (j0) of Ni 
is orders of magnitude higher than that of Pt. As there was no reference electrode 
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used relative to the NHE in this rapid screening system, it is thus not possible to 
directly compare the activity towards HER of different metals and substrate types.  
 
Studies by Kuch et al. (1993) showed that water adsorbs without dissociation upon a 
pure Ni single crystal surface whereas when oxygen is present above about 0.33 
monolayers, NiO islands are formed which grow laterally into a closed epitaxial NiO-
layer. When the oxygen coverage is large enough for NiO islands to be formed, a part 
of the water adsorbs dissociatively (OH+H). With the growth of NiO-islands, the 
amount of dissociated water increases (Kuch et al. 1993; 1994).  The differences 
observed in the activity of the Ni substrates could thus be due to differences in the 
oxide coverage on the Ni Type A substrate surface compared to the other Ni electrode 
samples affecting the rate of dissociation of water. 
 
5.7.2 Electro activity of composite electrodes: Effect of Supporting 
Procedures 
 
5.7.2.1 Dip coating and sponge coating 
 
The six different substrates (a-f) were dip coated with the ink mixture or the ink was 
sponged upon each respective substrate. The samples were then weighed to obtain the 
total mass % increase as is shown in Table 5.5. 
 
Table 5.5. Mass % increase of dip coated and sponge coated substrates 
Support 
type 
Dip coated 
 (N/ CB) 
Sponge coated 
(N/CB) 
Dip coated 
(N/CB/SnO) 
Sponge coated 
(N/CB/SnO) 
a 42.0 % 35.99 % 69.23 % 60.60 % 
b 28.26 % 14.36 % 54 % 59.4 % 
c 33.55 % 34.55 % 67.52 % 70.33 % 
d 2.55 % 1.66 % 6.64 % 7.22 % 
e 2.75 % 0.3 % 6.43 % 5.79 % 
f 13.43 % 9.06 % 30.08 % 22.88 % 
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As the variable mass % increase results tabulated above show, neither dip coating nor 
sponge coating allowed for reproducible preparation of uniform composites, although 
the effect of the support surface interaction with the ink is apparent in the % loading 
obtained. Support e (Ceramic paper: Lydall Technical Papers: Sample: 3000LF) was 
least prone to accept deposition of an electrocatalyst containing film whereas the 
different carbon cloths (a, b and c) allowed relatively high loadings of ink to be 
obtained. The substrate f (Ceramic paper 40 % glass) showed an intermediate uptake. 
Significantly higher loadings were obtained in all cases where the particulate 
nanophase Sb/SnO was added, showing the significant effect of the viscosity of the 
ink, due to a higher percentage of solid particulates, on the degree of loading 
obtainable by these two methods. 
 
The different electrodes made using various substrates were tested for activity for 
hydrogen production and results for dip coating and sponge coating are shown in 
Figures 5.10 and 5.11 respectively. 
Figure 5.10. Composite electrodes prepared 
by dipcoating various substrates in 
Nafion®/CB or Nafion®/CB/SbSnO 
mixtures*.   
Figure 5.11. Composite electrodes prepared 
by sponge coating various substrates in 
Nafion®/CB or Nafion®/CB/SbSnO 
mixtures*. 
*40% KOH electrolyte environment at 0ºC and applied potential between -1 and -6 V 
 
Almost all these combinations showed some activation below -2 V. Relatively high 
current densities were obtained for several combinations of support, binder, catalyst 
and conductive phase using dip coating and sponge coating as ink deposition method, 
and a current density of <0.2 mA cm-2 was also observed below -2 V for most of 
these combinations, unlike in the case of the Ni foils and substrates, where no current 
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output was observed below -2 V. In some cases the additional electrocatalyst 
containing film reduced the activity of the substrate itself at high potentials (e.g. 
substrate d). Results for electrochemical activity were combination specific and 
showed that addition of the commercial nanophase Sb/SnO may have enhanced the 
observed activity in some combinations (c/N/CB&SnO and a/N/CB & SnO) or 
increased the current density at lower voltages (d/N/CB &SnO). Moreover, the 
conductive substrates (b, c and d) used as supports had a considerable effect upon the 
activity observed. Although low loadings were deposited by spongecoating on 
substrate d, combination d/N/CB & SnO showed the highest current density at -2 V.  
 
It was interesting that activity could be enhanced in several cases by merely 
enhancing the substrate surface area with the application of conductive carbon 
suspended in a binder even in the case where the substrate was non-conductive 
(f/N/CB). The fact that electrodes were able to withstand the very high degree of gas 
evolution at the applied potential of -6 V showed that even under these aggressively 
accelerated testing conditions the inks made with Nafion® as binder were stable and 
relatively durable.  Neither dip coating nor sponge coating was pursued as suitable 
ink deposition method because of the lack of reproducibility. Although these results 
are merely qualitative, they indicated that the observed activity for water electrolysis 
of such composites electrodes could be affected by the presence of the additional 
conductive phase such as carbon, the additional nanophase, the degree of loading and 
by the substrate used. 
 
5.7.2.2 Casting method 
A casting procedure was used. The materials are tabulated in Tables 5.6 and 5.7 and a 
summarized outcome of the integrity of the composite made by each preparation 
method is added as a comment where necessary, in tabular form. 
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Table 5.6. Casting method using ink with 10 % Polystyrene binder (B) + 90 % 
Carbon black in 10 mL of toluene as solvent on various supports. 
Sample 
no. 
 Support 
type  
Support 
mass  
Binder B 
mass (g) 
Carbon 
Black (g) Comments 
a/B/CB a 0.0226 0.1064 0.9084 Composite samples were 
completely cracked when 
dried thus were not 
tested. 
b/B/CB b 0.0333 0.1064 0.9084 
c/B/CB c 0.0212 0.1064 0.9084 
d/B/CB d 0.1005 0.1064 0.9084 
e/B/CB e 0.1038 0.1064 0.9084 
f/B/CB f 0.0857 0.1064 0.9084 
 
Table 5.7 Casting method using ink with 50% Polystyrene binder (B) + 25% Carbon 
Black + 25% SbSnO  with solvent toluene (20 mL) on various supports.  
Sample no. 
Support 
type 
Support 
mass  
Binder 
B (g)  
Carbon 
Black (g) 
Sb/SnO 
(g) Comments 
a/B/CB &SnO a 0.0234 1.0141 0.5007 0.5003 Ink deposited smoothly 
b/B/CB &SnO b 0.0359 1.0141 0.5007 0.5003 Ink deposited smoothly 
c/B/CB &SnO c 0.0207 1.0141 0.5007 0.5003 Ink deposited smoothly 
d/B/CB &SnO d 0.0965 1.0141 0.5007 0.5003 Ink cracked when dry 
e/B/CB &SnO e 0.1081 1.0141 0.5007 0.5003 Ink deposited smoothly 
f/B/CB &SnO f 0.0887 1.0141 0.5007 0.5003 Ink cracked when dry 
 
Electrodes prepared by the casting technique were evaluated for electrochemical 
activity in water electrolysis in the two electrode set up at 0-5 ºC in 40% KOH and 
results of the current densities achieved at the applied voltages between -1 and -6 V 
are shown in Figures 5.12 and 5.13. 
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Figure 5.12 Composites cast with 50 % 
Polystyrene binder, 50 % carbon black in 
toluene upon different support types* 
Figure 5.13 Composites cast with 50 % 
Polystyrene binder, 25 % Sb/SnO 25 % 
carbon black in toluene: supports a,c&e* 
*40% KOH electrolyte environment at 0ºC and applied potential between -1 and -6 V 
Composites cast with 50 % Polyvinylacetate binder and 50 % carbon black in acetone 
on three support types were also prepared (results not shown) and showed 
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intermediate activity compared to that of the polystyrene binder and carbon black 
combination. The effect of the conductive substrate could be distinguished in the 
activity observed at higher applied voltages. None of these electrodes showed 
activation below -2 V. Higher current densities were observed at high applied 
potential particularly for cast electrodes prepared using substrate a, (Carbon black on 
carbon cloth (code 6100-200 CB) supplier Lydall) with polystyrene as binder and 
carbon black as conductive phase without additional catalyst. Low current density 
was observed for cast electrodes prepared with inks, in cases where additional 
Sb/SnO catalyst was added, indicating high resistance with excessive loading of the 
particulate oxide and the probable lowering of the conductive particle volume 
fraction below the percolatory threshold. The layers deposited upon the electrodes by 
casting were stable at high applied potentials. Crack formation was observed when 
the electrodes prepared by casting were completely dry. It was concluded that crack 
formation could be caused by the different coefficients of expansion between the 
layers of the catalyst/binder and support resulting because too thick a film was 
deposited upon the substrate and excessive shrinkage occurred during drying when 
using the casting method, therefore hot pressing and spray coating methods were 
investigated. 
 
5.7.2.3 Hot pressing preparation technique 
A hot pressing method was used to hot press various combinations of conductive 
phase, binder and catalyst onto two different support types (e and g). Details of 
preparation procedures and outcomes are tabulated in Tables 5.8, 5.9 and 5.10. 
 
Table 5.8  Hot pressing  method with 50 % PTFE binder (C) + 50 % Carbon Black as 
conductive phase upon a ceramic based  (e) support. 
Substrate 
Temp 
(°C) 
Pressure 
(bars) 
Time 
(min) 
Carbon 
black 
Binder 
C Comments 
(e) 150-160 5 5 50 % 50 % Mixture adhered/support broke
 150-160 0 6 50 % 50 % Mixture adhered/support broke
 150-160 0 10 50 % 50 % Mixture adhered/support broke
 150-160 20 2 50 % 50 % Support broke completely 
 150-160 10 2 50 % 50 % Support broke completely 
 150-160 5 2 50 % 50 % Mixture adhered/support broke
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Table 5.9 Hot pressing  method with 50 % PTFE  (C) binder + 50 % Carbon Black as 
conductive phase upon a Teflon based (g) support 
Substrate 
Temp 
(°C) 
Pressure 
(bars) 
Time 
(min) 
Carbon 
black 
Binder 
C Comments 
Teflon (g) 130 10 2 100 % - Carbon black adhered to support
 130 10 2 50 % 50 % Mixture adhered to support 
 150 12.5 2 100 % - Carbon black adhered to support
 150 12.5 2 50 % 50 % Mixture adhered to support 
 
Table 5.10 Hot pressing at elevated temperature with 50 % PTFE  (C) + 50% Carbon 
Black as conductive phase upon a Teflon support (g) 
Substrate 
Temp 
°C 
Pressure 
(bars) 
Time 
(mins) 
Carbon 
black 
Binder 
C Comments 
Teflon (g) 165-170 20 2 50 % 50 % Mixture adhered to 
the support in all 
cases 
 175-180 21 2 50 % 50 % 
 175-180 30 2 50 % 50 % 
 175-180 40 3 50 % 50 % 
 
Table 5.11 Hot pressing at elevated temperature with 50 % PTFE, 25 % C/ black and 
25 % Sb/SnO nanophase catalyst on a Teflon support (g). 
Substrate Temp (°C) 
Pressure 
(bars) Time 
Conductive 
phase Binder Catalyst Comments 
Teflon (g) 170-180 40 3 
Carbon 
Black PTFE Sb/SnO 
Mixture 
adhered to the 
support in all 
cases  180-185 41 3 
Carbon 
Black PTFE Sb/SnO 
 
The current density obtained in water electrolysis for these composite materials 
hotpressed with PTFE is shown in Figure 5.14. 
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Figure 5.14 Comparison of electrochemical activity by hot pressing PTFE, carbon black 
and Sb/SnO on support (g)*  
*40% KOH electrolyte environment at 0ºC and applied potential between -1 and -6 V 
 
Adhesion of powdered PTFE to support e was poor, probably due to mutual repulsion 
between the materials used. Adhesion of admixtures containing PTFE on support g 
(Teflon sheet) was successful by the hot pressing technique. Current densities of 
materials prepared by the hot pressing technique were very low (mainly due to the 
non-conducting nature of the Teflon support and PTFE binder). However, the effect 
of various pressing techniques and different combinations of composite ingredients 
could be discerned (Figure 5.14). Moreover, activation below -2 V became apparent 
for combinations containing Sb/SnO nanoparticles. Problems such as insulating 
interphases, and suppression of interphase reactivity may have arisen, as each new 
material introduced into a composite may introduce its own set of interface problems. 
Hot pressing was not a suitable technique for application on the other supports (a-c 
and f) investigated as these materials lost their integrity during hot pressing. Further 
development of the hot pressing technique upon more appropriate supports with 
optimized pressures and temperatures may yet prove to result in highly stable, easily 
prepared composite electrodes. 
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5.7.2.4 Spraycoating method 
A spraycoating method with Nafion® (5 % in water) used as binder with conductive 
phase of carbon black was spraycoated on various supports (Table 5.12). 
 
Table 5.12 Spraycoating method with 60 % Nafion® (5 % in water) binder (N)+ 40 
% Carbon Black  on various supports. 
Sample 
no. Support 
Binder 
N 
Carbon 
black 
Mass of 
support (g) 
(before ) 
 
Mass after 
spraying (g) 
Mass % 
increase 
Loading 
(g cm-2) 
J-26 a 60 % 40 % 0.0236 0.0371 36.4 0.0135 
J-27 b 60 % 40 % 0.0347 0.0455 23.7 0.0108 
J-28 c 60 % 40 % 0.0213 0.0331 35.6 0.0118 
J-29 d 60 % 40 % 0.1015 0.1054 3.7 0.0039 
J-30 e 60 % 40 % 0.0631 0.0690 8.5 0.0059 
J-31 f 60 % 40 % 0.0856 0.0943 8.4 0.0087 
 
A noticeable difference in loading was obtained between the electrodes prepared 
using Lydall carbon cloth substrates (a-c) and the other substrates tested, with the 
lowest loading obtained on substrate d, which also resulted in the most active 
composite electrodes (Figure 5.15). In all cases it was however difficult to get exactly 
similar, reproducible loadings. 
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Figure 5.15 Electrochemical activity of composites formed with 
Nafion® binder and carbon black spraycoated on supports a-f, 
without additional catalyst 
 
*40% KOH electrolyte environment at 0ºC and applied potential between -1 and -6 V 
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The composite electrodes formed with Nafion® binder and carbon black spraycoated 
on supports a-f, without additional catalyst showed relatively high current densities 
for the applied potential and the activity observed was highly substrate dependant. It 
was noticeable that sample J-29 made using substrate d, the ZrO2 backed with 
stainless steel substrate from Creavis was highly active and even so maintained the 
integrity of the film containing carbon black well during high applied potentials. The 
size of the evolving H2 gas bubbles was significantly different between the different 
substrate samples, with the finest bubbles being observed on this substrate (d). The 
effective discharge of such minute gas bubbles from the ZrO2 coated electrode 
surfaces probably resulted from lower surface adhesion/tension between electrode 
surfaces and the smallest bubbles. This may have also contributed significantly to the 
observed high activity of this substrate and the electrodes made with it. The ceramic 
paper based composite electrodes (e and f) performed very poorly overall, whereas 
the samples prepared on carbon cloth substrates (J-26, J-27 and J-28) showed an 
intermediate performance slightly better than the substrates only (Figure 5.8). 
 
Various electrodes were then prepared by spraycoating inks containing different 
components, namely: (i) 60 % Nafion® (5 % in water) binder with 20 % Carbon 
Black and 20 % SbSnO (ii) 60 % Nafion® (5 % in water) binder with 20 % Carbon 
Black and 20 % Pt –FAU zeolite, and (iii) 60 % Nafion® (5 % in water) binder with 
20 % Carbon Black and 20 % Ni-gamma – alumina on various supports (Table 5.13, 
5.14 and 5.15). 
 
Table 5.13  Spraycoating with 60 % Nafion® (5 % in water) binder (N) + 20 % 
Carbon Black + 20 % SbSnO  on various supports. 
Sample 
no. Support Binder N
Carbon 
black 
Active 
catalyst 
Sb/SnO 
Mass of 
support 
(g)  
Mass after 
spraying 
(g) 
Mass % 
increase
Loading 
(g cm-2) 
J-32 a 60 % 20 % 20 % 0.0241 0.0445 45.8 0.0204 
J-33 b 60 % 20 % 20 % 0.0336 0.0462 27.3 0.0126 
J-34 c 60 % 20 % 20 % 0.0218 0.0357 38.9 0.0139 
J-35 d 60 % 20 % 20 % 0.0976 0.1016 3.9 0.0040 
J-36 e 60 % 20 % 20 % 0.0633 0.0689 8.13 0.0056 
J-37 f 60 % 20 % 20 % 0.0841 0.0901 6.66 0.0060 
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Table 5.14 Spraycoating with 60 % Nafion® (5 % in water) binder (N) + 20 % 
Carbon Black + 20 % Pt –FAU zeolite on various supports. 
Sample 
no. Support 
Binder 
N 
Carbon 
black 
Active 
catalyst 
Pt –FAU 
zeolite 
Mass of 
support 
(g) 
Mass 
after 
spraying 
(g) 
Mass % 
increase 
 
Loading 
(g cm-2) 
J-38 a 60 % 20 % 20 % 0.0234 0.0452 48.2 0.0218 
J-39 b 60 % 20 % 20 % 0.0338 0.0633 46.6 0.0295 
J-40 c 60 % 20 % 20 % 0.0214 0.0397 46.1 0.0183 
J-41 d 60 % 20 % 20 % 0.1005 0.1050 4.3 0.0045 
J-42 e 60 % 20 % 20 % 0.0637 0.0704 9.5 0.0067 
J-43 f 60 % 20 % 20 % 0.0859 0.1026 16.3 0.0167 
 
Table 5.15. Spraycoating method with 60 % Nafion® (5 % in water) binder (N) + 20 
% Carbon Black + 20 % Ni-gamma – alumina on various supports. 
Sample 
no. Support 
Binder 
N 
Carbon 
black 
Active 
catalyst 
Ni -alumina
Mass of 
support 
(g) 
Mass after 
spraying 
(g) 
Mass % 
increase 
Loading  
(g cm-2) 
JA-50 a 60 % 20 % 20 % 0.0235 0.0379 38 0.0144 
JA-51 b 60 % 20 % 20 % 0.0351 0.0518 32.2 0.0167 
JA-52 c 60 % 20 % 20 % 0.0203 0.0406 50 0.0203 
JA-53 d 60 % 20 % 20 % 0.0981 0.1003 2.2 0.0022 
JA-54 e 60 % 20 % 20 % 0.1089 0.1160 6.12 0.0071 
JA-55 f 60 % 20 % 20 % 0.0849 0.1010 15.9 0.0161 
 
It was once again noticeable that variable and non-reproducible loadings were 
obtained that were related to the substrate type used, with substrate d always taking 
up the least, and the carbon cloths the most catalytic ink. The current densities 
obtained in electrochemical activity for water electrolysis in the case of the various 
electrodes prepared by the spray coating technique using combinations tabulated in 
Tables 5.13, 5.14 and 5.15 are shown in the following figures (Figures 5.16-5.21), 
where electrodes prepared using the same substrate but with different ink 
compositions containing various supported or particulate electrocatalyst, namely Pt 
FAU, Ni-Alumina or SbSnO, are compared with the composites composed of 
substrate, carbon black and binder only, as detailed in Table 5.12 above. Once again 
the current density obtained was highly substrate dependent with support d 
composites being most active at high applied potentials.  
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The films were mostly stable at the applied potentials and high H2 evolution 
conditions, thus Nafion® solution acts as a suitable binder. Samples supported on 
carbon cloth substrates showed activation at <-2 V. Of these composite electrodes, 
the highest current density of over 1 A at a potential of -5 V was obtained in the case 
of an electrode sample (J-41) prepared with nanophase Pt-FAU spraycoated with 
Nafion® and carbon black upon support type d (Figure 5.19). The electrocatalyst 
containing film samples containing Pt-FAU or nanophase SbSnO generally 
performed better than the Ni-alumina containing samples. In several cases, relatively 
high current densities were obtained with enhanced surface area electrodes prepared 
by spraycoating with only binder and carbon black conductive phase on various 
substrates as was previously noted. 
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Figure 5.16 Composite electrodes 
spraycoated with Nafion® binder, carbon 
black and either nanophase Sb/SnO, Ni-
alumina or Pt-FAU upon on carbon based 
support (a). 
Figure 5.17 Composite electrodes 
spraycoated with Nafion® binder, carbon 
black, and either Nanophase Sb/SnO, Ni-
alumina or Pt-FAU on carbon cloth support 
(b). 
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Figure 5.18 Composite electrodes 
spraycoated with Nafion® binder, carbon 
black, and Nanophase Sb/SnO, Ni-alumina 
or Pt-FAU on carbon cloth support (c). 
Figure 5.19 Composite electrodes 
spraycoated with Nafion® binder, carbon 
black, and Nanophase Sb/SnO, Ni-alumina 
or Pt-FAU on ZrO2/SS support (d). 
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Figure 5.20 Comparison of activity of 
nanophase composites spraycoated with 
Nafion® binder and carbon black and 
Sb/SnO, Ni-alumina or Pt-FAU upon on 
ceramic support (e). 
Figure 5.21 Comparison of activity of 
nanophase composites spraycoated with 
Nafion® binder and carbon black  and 
Sb/SnO, Ni-alumina or Pt-FAU upon on 
ceramic support (f). 
*40% KOH electrolyte environment at 0ºC and applied potential between -1 and -6 V 
Delamination of some electrodes was observed as can be seen in the case of sample 
JA 32 in Figure 5.16 that was supported on substrate a. However, most electrodes 
were stable at the very high potential applied in these accelerated aging tests 
performed at 0 ºC in 40 % KOH.  The electrochemical workstation used had a current 
maximum of 1.2 Amp thus the curve flattening observed is an artifact of the 
measuring system.  
 
It was not possible to accurately characterize the film containing the electrocatalyst 
by itself in this system because of the extraneous variables that complicated the 
accurate measurements of the activity of the electrocatalyst containing film and 
distinct trends for the different electrocatalyst were not clearly discernable, except 
that Sb/SnO containing films performed generally better than Ni-alumina containing 
composites regardless of substrate type in this series.  A system to accurately 
characterize only the electrocatalyst containing films is required and this will form 
the topic of Chapter 6. 
 
Composite electrodes were also prepared by spraycoating various substrates with an 
ink formulation containing 50 % Polystyrene binder, 25 % Carbon Black and 25 % 
Pt-FAU in toluene as solvent (Table 5.16). 
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Table 5.16. Spraycoating with 50 % Polystyrene binder (B) + 25 % Carbon Black and 
25 % Pt-FAU in toluene on various supports. 
Sample 
no. Support 
Binder 
B 
Carbon 
black 
Active 
catalyst Pt –
FAU zeolite
Mass of 
support(g) 
Mass after 
spraying 
(g) 
Mass % 
increase
Loading 
(g cm-2) 
JA-44 a 50 % 25 % 25 % 0.0223 0.1390 84 0.1167 
JA-45 b 50 % 25 % 25 % 0.0331 0.1052 68.5 0.0721 
JA-46 c 50 % 25 % 25 % 0.0222 0.0848 73.8 0.0626 
JA-47 d 50 % 25 % 25 % 0.1034 0.1321 21.7 0.0287 
JA-48 e 50 % 25 % 25 % 0.0711 0.1548 54 0.0837 
JA-49 f 50 % 25 % 25 % 0.0934 0.1442 35.2 0.0508 
 
The current density obtained for composite electrodes using Polystyrene as binder in 
toluene with Carbon Black and  Pt-FAU on various supports is shown in Figure 5.22.  
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Figure 5.22 Composites spraycoated with 50 % Polystyrene binder, 25 % 
Pt FAU and 25 % carbon black in toluene on different supports 
 
*40% KOH electrolyte environment at 0ºC and applied potential between -1 and -6 V 
Use of the polystyrene binder reduced the electro activity of composite electrodes 
significantly and these results show the effect of an insulating binder replacing the 
proton conducting Nafion® binder. Nevertheless, the carbon cloth based composite 
electrodes performed overall better than the other substrates when polystyrene was 
used as binder. The substrate d was remarkably deactivated by the polystyrene 
containing film deposited. The effect could be due to excessive passivation of the 
catalytic components on the electrode surface by too high a ratio of the binder phase 
used. 
5.7.2.5 Pt and Au supported on mesoporous HMS and MCM 41 materials   
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Finally a comparison was made of the activity of various nanophase catalysts 
supported on mesoporous substrates (HMS and MCM 41). The nanophase catalyst 
was supported on Carbon cloth, (Thickness: 500mm, 6100-300 (support b)). 
Conditions were the same as for previous chronovoltametric tests at 0 ºC in 40 % 
KOH and each sample was subjected to potential steps between -1.0 to -6.0 V over 60 
s. The ink formulations (approx. 60% Nafion, 20 % Carbon black & 20 % nanophase 
catalyst) for preparation of films containing electrocatalyst (Pt and Au supported on 
mesoporous HMS and MCM 41 materials) on Carbon cloth, Thickness: 500mm, 
6100-300 (support b) are presented in Table 5.17 and results of electrochemical 
testing in Figure 5.23. 
 
Table 5.17 Ink formulation for preparation of films containing electrocatalyst (Pt and 
Au supported on mesoporous HMS and MCM 41 materials) 
Sample no. Nafion 5 % (g) Carbon black (g)  Catalyst (g) 
Nafion and carbon black 0.6473 0.4040 nil 
Pt HMS carbonized  0.1127 0.0309  0.0306 
Pt MCM carbonized  0.1110 0.0306  0.0301 
Au HMS  0.1224 0.0325  0.0351 
 
Figure 5.23 shows the electro activity of composite electrodes spraycoated with 
Nafion® binder, carbon black, and either Au-HMS, Pt MCM or Pt HMS supported 
nanophases on carbon cloth support (b). 
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Figure 5.23 Composite electrodes spraycoated with Nafion® binder, 
carbon black, and either Au-HMS, Pt MCM or Pt HMS supported 
nanophases on carbon cloth support (b)* 
 
*40% KOH electrolyte environment at 0ºC and applied potential between -1 and -6 V 
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The composite electrode prepared with HMS Au containing gold nanoparticles as 
catalyst showed a high current density of nearly 1.2 A at -6 V (and >0.3 A at -3 V) at 
0 ºC and generally the nanophase electrocatalyst enhanced the current density 
compared to the combinations tested without catalyst under the same conditions.  
 
These results at 0 ºC show the positive effect that addition of a nanophase metal had 
upon the electrochemical activity of the composite electrode even when the 
electroactive metal was supported on an insulating Si mesoporous matrix. Since these 
composite electrodes were tested at 0 ºC they are thus considerably more active than 
the composites prepared using the commercial JM Pt40/C presented in the baseline 
study, which were tested at room temperature (25 ºC). 
 
A higher temperature (60 ºC) was finally applied in the high electrolyte environment 
for water electrolysis and the inks containing the best performing particulate 
nanophases (Sb/SnO) or nanophases supported on mesoporous materials (Pt HMS) 
were applied directly to a fine stainless steel mesh as substrate and tested for their 
electro activity at low applied potentials as are shown in Figures 5.24 and 5.25. In this 
case the actual negative axis is presented in the figures.  
Figure 5.24 Electroactivity of Pt on HMS 
(Conditions: 60 °C; 40 % KOH)  
Figure 5.25 Electroactivity of Nanophase 
Sb/SnO2 (Conditions: 60 °C; 40 % KOH) 
 
Under the applied conditions of 60 °C, the composite nanophase coated electrodes 
were stable and gave a high current density of between 550 and 750 mA at -2 V, 
whereas the JM Pt40/C produced only 320 mA at -2 V and 70 ºC. The films 
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containing the Pt HMS nanophase or Sb/SnO particulates significantly enhanced the 
current density and thus the hydrogen production rate.  
 
This result was further confirmed using several differently reduced (methanol 
formaldehyde, or sodium hypophosphite) and carbonized Pt HMS electrocatalyst 
samples as is shown in Figure 5.25. The results are compared with the output 
achieved in the baseline study with the commercial HiSpec JM Pt40/C catalyst at -2 V 
and 70 ºC in 40 % KOH. 
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Figure 5.26 Replication study of Pt HMS containing composite electrodes 
 
Nanophase electro active metals (Pt, Au) supported upon mesoporous supports HMS 
and MCM-41 generally showed higher electro activity for H2 production than when 
supported upon microporous Si support zeolite FAU (see also Petrik, 2003). Use of 
different zeolite types to immobilize and support monodisperse Pt or nanoparticulate 
Pt clusters is well known prior “art”. The nature of the zeolite, namely its framework 
structure, shape selectivity resulting from size exclusion, acidity and pore size has 
been previously shown (Petrik, 2003) to affect the electro activity of supported Pt 
clusters in zeolites, with pores in the Ångstrom dimensions (FAU has pores of 7.5 Å). 
The more open pore of the mesoporous materials HMS and MCM-41 with pores 
between 2-4 nm, thus could have promoted the ingress of the reactant water and the 
product H2 leading to the enhancement of electrocatalytic activity observed in this 
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study. However, the nature of the composite electrodes and the contribution from 
binders and conductive phases make it difficult to exactly characterize the 
contribution of the electrocatalyst itself and these supported nanophase electro 
catalytic materials should be further investigated for their electro activity under more 
controlled conditions. 
 
5.8 CONCLUSIONS 
 
This study has identified commercially viable methods for preparing highly active 
nanophase Pt, and Au electrocatalyst supported upon mesoporous HMS and MCM-
41, and also methods for preparing nanophase composite electrode materials stable in 
high electrolyte environments for hydrogen production, that are active, cheap to 
prepare and easy to upscale. Far less of the PGM was utilized than in bulk electrodes. 
 
Sequential deposition was found to be an effective method to stabilize nanophase 
electrocatalyst on mesoporous support matrices and thereafter to incorporate them 
into composite membrane electrode format. Different combinations of nanophase 
electrocatalyst and various binders, supports, and conductive phases were evaluated 
in this study. This method to form nanophase containing composite membrane 
electrodes was found to be a promising low cost method for preparing larger scale 
composite membrane electrodes that could be applied for H2 production by water 
electrolysis in high electrolyte media and could be useful as electrodes for other 
electro-driven reactions. 
 
The electrochemical response of nanophase composite membrane electrodes formed 
by sequential deposition was combination specific and high current densities were 
obtained by nanophase composite electrodes in water electrolysis in a high electrolyte 
environment. In general it could be stated that addition of particulate nanophase 
Sb/SnO and supported Pt in the form of Pt FAU, Pt HMS or Pt MCM-41 increased 
the catalytic activity of composite materials prepared by several techniques with 
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Nafion® or Polystyrene as binder, especially on a zirconium based support (type d), 
which is also a highly electro-active substrate without additional deposited layers. 
Polystyrene was prone to inertize composite surfaces when used in spray coating, but 
proved effective as binder in the casting method where only carbon black was used 
on support a. Hot pressed composites prepared with PTFE were stable but had low 
activity. The various Ni foils that were used for comparison purposes were active but 
less active than some of the composites prepared by sequential deposition or support 
d by itself. The nanophase catalysts investigated showed an ability to enhance electro 
catalytic activity of electrode surfaces. 
 
Au and Pt nanoparticles supported on mesoporous MCM-41 or HMS were more 
active than Ni on Alumina or Pt nanoparticles supported on microporous FAU. 
Electro activity of supported electrocatalysts (Pt, Au) was found to be a complex 
function of metal concentration, metal type, host matrix, zeolite typology, porosity, 
and acidity as well as supported metal nanocluster size. The isolating nature of the 
inorganic porous zeolite framework matrix did not inhibit the activity of nanophase 
electrocatalyst, but in fact promoted water electrolysis. The optimum supported 
nanoscale metal cluster size resulting in significant electro activity was about 5 nm.  
 
Relatively high activity was also observed for commercial Sb/SnO nanoparticles 
processed into electrodes, which was comparable to the Pt containing electrode 
samples. The nanophase metal type, and reduction procedures, as well as pore size of 
inorganic matrix support are shown to play a role in the electro activity of 
electrocatalysts processed in composite membrane electrode form. Regardless of the 
reduction technique (methanol formaldehyde, sodium hypophosphite), the Pt and Au 
electrocatalysts supported upon mesopore materials (HMS, MCM-41) showed the 
best activity. Thus pore size of host matrix support is a significant parameter in 
preparing zeolite supported electrocatalysts.  
 
Sequential deposition was found to be an effective method to firstly stabilize 
nanophase electrocatalysts on mesoporous support matrices and thereafter to 
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incorporate them into composite membrane electrode format upon conductive 
substrates by application in the form of catalytic inks. The electrocatalyst containing 
film composite nanophase gas diffusion electrodes were formed by deposition of 
catalytic inks on supports that could act as gas diffusion layers. This method to form 
nanophase composite gas diffusion electrodes was found to be a promising low cost 
method for preparing larger scale electrodes that could be applied for H2 production 
by water electrolysis in high electrolyte environments. Cost could be reduced through 
minimizing the PGM utilized. 
 
Homogeneous distribution and loadings of nanophases was dependent upon 
deposition method, substrate type as well as ink formulation. Reproducible 
production of standard electrode materials containing nanophase electrocatalyst 
would require careful control of the processing techniques, which could not be 
achieved by hand. Incorporating supported nanophase electrocatalysts in composite 
gas diffusion electrodes resulted in production of electrodes capable of current 
densities of between 550 and 750 mA cm-2 at 60 °C at an applied potential of -2 V. 
The fact that the electrodes were able to withstand the very high degree of H2 gas 
evolution at an applied potential of -6 V showed that even under these aggressively 
accelerated testing conditions the nanophase containing inks were stable and durable. 
Nanophase electro catalytic materials could thus successfully be incorporated into 
composite gas diffusion electrodes and resulted in significant catalytic activity for 
hydrogen production.  
 
Aspects that require attention were identified; these were quantification of the amount 
of electrocatalyst per unit area of electrode sample and quantitative catalytic activity. 
Although the electroactivity for water electrolysis was used as semi quantitative 
method to characterize the composite electrodes, the substrate used as support for the 
catalytic layer on the electrode influenced the results obtained significantly therefore 
it was not possible to accurately determine the I/V characteristics of the 
electrocatalyst containing film deposited. 
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Some of these aspects are addressed in Chapter 6 which will focus on screenprinting 
as a processing method to deposit uniform and reproducible catalytic films of known 
structure and characterize such films. The means to obtain specific and well dispersed 
metals loading in the electrocatalyst containing film over the surface of the electrode 
is also addressed. Chapter 6 also presents a new technique to characterize the 
electronic properties of the catalyst layer supported on the substrate using the Hall 
measurement system. 
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6. DEVELOPMENT OF GAS DIFFUSION ELECTRODES 
BY SCREEN PRINTING OF CATALYTIC INKS 
 
6.1 INTRODUCTION 
Development of suitable high activity electrocatalysts (as described in Chapter 4) 
needs to be coupled with the methodology to incorporate such catalytically active 
materials into composite gas diffusion electrodes (GDE) for various applications, 
including water electrolysis or fuel cells. Prerequisites for such systems are complex. 
It is not suitable to utilize these particulate materials in powder form in electro driven 
reactions, therefore the composite electrocatalyst would need to be stabilized upon a 
suitable conductive substrate in film format using binders in order to prepare a stable 
and durable composite gas diffusion electrode whilst retaining sufficient electro 
activity.  
 
Preparation of a film containing active metal components upon a suitable conductive 
substrate is complex. The emulsions used as catalytic ink typically contain the electro 
active component, and electro conductive phases as well as a proton conducting 
phase which may or may not act as a binder, and if necessary, dispersants or solvents. 
The most immediate problem in the preparation of an emulsion or ink of the correct 
formulation is to prevent aggregation of the nanophase particles, which should be 
highly dispersed. Moreover, the film should be highly proton conductive. 
Furthermore, an electro conductive phase should be present in the film formulation 
that takes into account the percolation threshold, which can be significantly improved 
by the application of nanophases. Each active catalytic site should have sufficient 
access to the three phase boundary (gas, liquid, solid). Thereafter a further challenge 
arises in that the relative electron and proton conductivity of the system should be 
maintained whilst still allowing ingress of reactant and egress of gaseous product, 
requiring either hydrophilic surfaces in the case of water electrolysis or hydrophobic 
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surfaces in the case of, for instance, direct methanol fuel cells. In addition, the 
application of a film upon a suitable conductive substrate requires that suitable 
binders are utilized that will neither hinder proton conductivity, nor cause the 
occlusion of catalytically active sites by the binder. Thereafter, the application of the 
ink to form the film upon a substrate requires selection of the most suitable substrate 
for the application and a methodology of deposition, which can be achieved by, for 
instance, spray coating or by various printing procedures (Vielstich et al., 2003).  
 
Once all these requirements are optimized, it is still necessary to tailor the surface and 
interfacial tension of the liquid phase and surface free energy of the solid phase to 
ensure that highly homogeneous and un-agglomerated films will form upon removal 
of the solvent in the ink during the drying process. Support substrates and films being 
deposited should have the same coefficient of expansion so that adhesion is good and 
crack formation is minimized in order to prepare a stable and durable composite gas 
diffusion electrode (Wang et al., 1998; Chen and Tsao, 2006). Composite gas 
diffusion electrode surfaces containing catalytic nano phases should result in high 
activity because of optimized geometry, electro and proton conductivity, high surface 
area, and enhanced porosity and transport of reagents and products. 
 
Typical preparations of a PEM electrode for a fuel cell are well described in the 
literature and the membrane electrode assembly (MEA) structure and components are 
reviewed in Chapter 7 (see also Figure 7.1 and 7.2). This chapter describes efforts to 
address some of the above challenges in understanding the role of variables affecting 
the successful preparation of gas diffusion electrodes suitable for polymer electrolyte 
membrane (PEM) electrolyzer systems. Of the methods that are suited to processing 
particulate catalytic materials into films on suitable substrates, screenprinting was 
selected and is described in this chapter. The goal was to prepare a stable, well 
dispersed and homogeneous film containing active metal components upon a suitable 
substrate by use of emulsions containing an electro active component, and electro as 
well as a proton conducting phase, binder, and solvents and understand some of the 
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properties of the film in isolation from the other components of the electrolyzer 
system. 
 
6.2 OVERVIEW 
 
Intensive development of fuel cells, especially based on proton exchange membranes 
(PEM), has stimulated the development of PEM electrolyzers to produce hydrogen, 
as fuel for application in hydrogen energy and technology. Hydrogen production 
technology for water electrolysis by the solid polymer electrolyte membrane (PEM) 
method, has advantages in terms of high efficiency and low cost compared to 
conventional hydrogen production methods (Grigoriev et al., 2006).  
 
The electrode in electrolyzer system functions as a support for the catalyst, an 
electron and proton pathway, as well as needing to distribute the liquid reactant and 
remove the gaseous products. The performance of membrane electrode assemblies 
(MEAs) in fuel cells or electrolyzers is substantially affected by the structure of the 
electrodes and satisfactory and uniform spatial characteristics are required. Hence, the 
key technical issues for polymer electrolyte membrane (PEM) based systems such as 
fuel cells and electrolyzers are porous structure, incorporation of catalytic materials, 
membrane stability, adequate flow distribution, and system design. Electrochemical 
reactions, heat transfer, and mass transport occur in the three-phase interface among 
gaseous phase (hydrogen, air or water vapour), liquid phase (proton hydrate, hydroxyl 
ion, peroxide ion, and water), and solid phase (porous gas diffusion layer, catalyst 
composite, Nafion® electrolyte) (Zhu et al., 2007). The components needed for each 
reaction determine the structure of the composite MEA and ultimately the stability, 
degradation and lifetime of the MEA.  
 
There are different approaches to preparing the system required for electrolysis using 
a PEM system. In an early study, high-purity hydrogen was prepared by bringing a 
hydrogen containing gas in contact with a hydrated solid polymer electrolyte cell 
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comprised of a catalytic anode, perfluorocarbon sulfonate ion exchange membrane 
and a catalytic cathode. Direct current energy was supplied between the electrodes to 
overcome the internal resistance of the cell, dissociate the hydrogen in the impure gas 
to protons, and drive the protons through the cation membrane for recovery at the 
opposite electrode (Sedlak et al., 1981). 
 
Takenaka et al., (1982) showed that electrocatalysts can be directly plated upon 
perfluorosulfonic acid polymer membranes and applied for solid polymer 
electrolyzers (SPE). Noble metals and their alloys were directly attached to both sides 
of the membrane without a binder by metal plating methods, utilizing reactions of a 
metal salt solution with a reducing agent on the membrane surface, which made it 
possible to increase the adhesive strength of electrocatalysts to the membrane and 
also to reduce the resistance of the electrocatalyst/SPE interface.  Millet et al. (1990) 
prepared electrocatalyst composites for water electrolysis, consisting of 
microparticles of noble metal electrocatalyst, that were precipitated simultaneously 
on both sides of a perfluorinated ion-exchange membrane by chemical reduction of 
cationic precursor salts. Anodic overvoltage, cathodic overvoltage, ohmic drop within 
the SPE and roughness factor of the electrodes were measured and low noble metal 
loadings (< 1 mg cm−2), low cell voltage (-1.75 V at 1 A cm−2 and 80 °C) and long 
term stability (over 15,000 h of continuous electrolysis) was achieved.  
 
However, these various plating methods mainly produce a bulk two dimensional 
metal film upon the membrane and the active catalytic surface area is relatively low. 
Therefore there is an interest in the use of nanoparticulate electrocatalysts, but 
stabilizing these materials is complex. 
 
Various electrode fabrication techniques have been reported in literature such as 
rolling, screen-printing, and spraying techniques, each with its own merits and 
problems. Low operating and low capital cost, with high through-put and increased 
turnaround times are necessary when fabricating components for electronic devices 
such as PEM electrolyzers. This can be achieved by depositing catalytic materials in 
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particulate form using spraycoating, screen-printing or by digital inkjet printing for 
printing on fragile, dimensionally unstable and expensive substrates. Other methods 
for preparing the electrode may include gravure coating, offset coating, comma 
coating, die coating, slit coating, spray coating, plating, sol-gel processes, film 
processes, chemical vapour deposition (CVD), vapour deposition, sputtering, and ion 
plating (Okada et al., 2007).  Not all of these methods are suited to processing 
particulate catalytic materials.  
 
6.2.1 Approaches To Preparing Gas Diffusion Electrodes 
 
The gas diffusion electrodes (GDE) incorporating the catalyst in fuel cells and 
electrolyzers are currently typically prepared by rolling, spraying, and recently by 
screen printing methods (Tanaka et al, 2005) and the proton conductive phase, 
normally a Nafion® solution, can be impregnated into the gas diffusion layer (GDL) 
using for instance, spraying and brushing methods.  
 
Direct-printing of an outer and an inner catalyst layer on the PEM in a layered anode 
structure for a fuel cell is reported to improve the CO-tolerance ability and utilization 
efficiency of the catalyst (Wan and Zhuang, 2006a; 2006b). The MEAs consisted of a 
Nafion® 117 membrane and a commercial electrocatalyst (20% Pt/C from E-TEK) 
on the cathode side. The inner catalyst layer providing the hydrogen oxidation 
reaction was a pure Pt layer (0.07 mg cm−2) that was prepared by directly printing on 
PEM.  This example highlights the difference in the requirements between an 
electrolyzer and a fuel cell, since in the electrolyzer water splitting replaces hydrogen 
oxidation.  The combination of catalyst deposition and screen-printing could allow 
the mass production of materials possessing catalyst activity for hydrogen evolution.  
 
The differences and complexity of each system affect the electrochemical reactivity 
(Wang et al., 1998). Existing ink deposition methods such as spray painting are not 
well suited for low (<0.5 mg Pt cm−2) catalyst loadings because of lack of 
reproducibility and slow throughput. Moreover, the solution properties should also be 
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compatible with the printing method, and catalyst utilization should be optimized 
(Tanaka et al, 2005).  
 
Recently, inkjet printing (IJP) has been developed (Murthy et al., 2000) and was used 
to deposit water based catalyst ink solutions containing catalysts supported on 
different carbon black sources onto gas diffusion layers (GDL) that were made into 
membrane electrode assemblies (MEAs) for the polymer electrolyte fuel cell 
(PEMFC). Ink jet printed MEAs with catalyst loadings as low as 0.020 mg Pt cm−2 
showed Pt utilizations in excess of 16,000 mW mg−1 Pt which is higher than 
traditional printed MEAs (800 mW mg−1 Pt). A graded distribution of Pt/C catalyst 
structure using standard Johnson Matthey (JM) catalyst, showed enhanced 
performance (Taylor et al., 2007).   
 
A hybrid technique for fabricating low platinum loading electrodes was claimed to be 
more successful than spraying and screen-printing techniques for the preparation of 
PEMFC electrodes (Abaoud et al., 2005). Towne et al., (2007), used commercial 
desktop inkjet printers to deposit the active catalyst electrode layer directly from print 
cartridges onto Nafion® polymer membranes in the hydrogen form. Good adhesion 
was achieved without any post-deposition hot press step and the layers were 
subjected to tape peel, bending and abrasion tests. The elimination of the hot pressing 
step indicated that inkjet-based fabrication or similar processing technologies may 
provide a route to less expensive large-scale fabrication of MEAs, but these authors 
concluded that it remained to be determined whether such routes for MEA production 
offer performance advantages or lead to more efficient utilization of expensive 
catalyst materials. 
 
In the case of proton exchange membrane fuel cells the interfacial contact of the 
catalyst with the membrane has been studied in a MEA fabrication method where 
perfluorosulfonyl fluoride copolymer powder was pressed into a sheet at 230°C by 
hot pressing. The Pt/C catalyst was screen-printed onto either side of the sheet, 
followed by hot pressing which embedded the coated catalyst layer into the 
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membrane. The resultant MEA was converted into perfluorosulfonate polymer by 
hydrolysis using a NaOH solution (Kim et al., 1998).   
 
U.S. Patent 5,783,325 (1998), UK Patent 2,316,802 (1999) and U.S. Patent 6,103,414 
(2000) by Cabasso describe a polymer solution made of thermoplastic film former, 
e.g., polysulfone and polyvinylidene fluoride, mixed with carbon and a common 
solvent (DMF and NMP) that was cast on glass in the form of asymmetric flat sheet 
electrodes to control of the gas-diffusion pores, and the electrode-catalyst-membrane 
interface. A substantial reduction of the catalyst in the MEA was claimed, and less 
than 0.1 mg cm-2 was shown to produce a high performance MEA. 
 
The direct fabrication of Au and Pt nanoparticles by an electro deposition process on 
screen-printed carbon strips was possible (Chikae et al., 2006). This is one approach 
to the incorporation of nanophases into the screen printed carbon film. In another 
approach a platinum loading of 0.38 mg cm-2 on a Nafion® membrane electrode was 
achieved for the PEMFC by the simultaneous deposition and reduction of platinum 
through an impregnation/reduction method. The current density reported was between 
500 and 1000 mA cm-2  at 0.6 to  0.7 V (Rajalakshmi et al., 2004; 2007).  
 
Most recently, studies have shown that optimization of the electrode structure is still 
desirable. Zhang et al., (2007), describe a process for preparing a catalyst coated 
membrane (CCM) to fabricate the MEA for solid polymer electrolyte (SPE) water 
electrolysis. Spray coated Nafion® layers are shown to be effective for increasing the 
reaction interface between SPE and the electrode catalyst layer. Their study of the 
SPE electrolyzer with a new MEA structure could achieve about 0.1 V lower voltage 
at atmospheric pressure and 2 A cm−2. Reshetenko et al., (2007), optimized the 
cathode structure for an air-breathing direct methanol fuel cell (DMFC) by 
application of pore-forming agents such as ammonium carbonate and ammonium 
hydrocarbonate that form additional macro and mesoporosity increasing the 
electrochemical active area and catalyst utilization. Improved performance of the 
MEA was also attributed to the porosity of the cathode electrode by Chen and Tsao 
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(2006), because a network of macro fissures and sub-micro fissures allowed air to 
penetrate the electrode in the case of the fuel cell MEA. The relationship between the 
total porosity of the electrodes and the MEA performance was demonstrated and the 
specific power density nearly doubled when the total porosity was increased from 
57% to 76%.   
 
These efforts show that there is considerable opportunity to increase efficiencies by 
improving the manner in which the electrode or MEA is structured for each 
application.  
 
6.2.2 Differences Between Fuel Cells And Electrolyzers 
 
From the literature it is evident that most efforts have focused upon the optimization 
of printing methods to prepare MEAs for the fuel cell and less effort has been aimed 
at optimization of electrodes for SPE electrolyzer systems. The electrocatalyst 
configuration and type used for hydrogen production is somewhat different to that 
applicable in fuel cells. Electrodes for the electrolyzer systems are reversed compared 
to the fuel cell system. In electrolyzer systems, water splitting is achieved on the 
anode accompanied by evolution of O2 and hydrogen being produced on the cathode; 
whereas in a fuel cell the oxidant (O2) and fuel (H2 or hydrocarbon) fed to the cathode 
are recombined to form water on the anode. Thus accumulation of evolving gas on 
the electrodes can occlude the electrode surface in electrolyzer systems whereas 
water flooding is typically a problem of electrodes in PEM fuel cells (Tanaka et al, 
2005). Hence, a different approach is required to preparing electrodes for each 
specific system.  
 
Hydrophobicity is required in a fuel cell to prevent flooding of the electrode, unlike 
in the case of a SPE electrolyzer, where hydrophilic catalyst layers, coatings or gas 
diffusion layers are required, in order to optimize the ingress of the reactant, water.  
The diffusion layer in a PEMFC generally consists of a thin layer of carbon black 
mixed with hydrophobic polytetrafluoroethylene (PTFE) that is coated onto a sheet of 
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macro-porous carbon backing cloth or other substrates (Tanaka et al, 2005). Yu et al., 
(2006) showed that the catalyst microstructure and water transport is one of the key 
components of PEMFCs because the electrochemical reaction occurs at the three-
phase interface of the catalyst layer. They found that it was necessary to optimize the 
hydrophobic and/or hydrophilic properties of catalyst layers, which have a large 
impact on the water transport and on the performance of the PEMFC.  
 
The requirement for the anode also differs from that of the cathode. Jung et al., 
(2006) showed that different hydrophobic/hydrophilic conditions apply to the cathode 
compared to the anode for fuel cells because of the difference conditions required at 
the respective electrodes. According to these authors, wettability of the fuel cell 
cathode caused flooding whereas increased wettability of the anode catalyst layer 
caused by SiO2 addition allowed beneficial water adsorption from back diffusion. 
Choi et al., (1996) demonstrated that in PTFE-bonded carbon electrodes, when the 
hydrophobicity of the electrocatalyst layer increased, the hydrogen chemisorbed Pt 
fraction and utilization of Pt decreased.  
 
Because of the different reactions occurring in PEM electrolyzers compared to PEM 
fuel cells it is not possible to directly apply the advances made in one system to that 
of the other, and specific optimization of each electrode in each system is required. 
Hence it is of importance to understand the parameters that may influence the 
performance of these different gas diffusion electrodes. 
 
6.2.3 Requirements Of Gas Diffusion Electrodes 
 
It is well known that in electrochemical systems that the nature of the redox processes 
that occur at the electrode/electrolyte interface and their rates can be partially 
controlled by the applied potential, which may be influenced by the speed of 
interfacial electron transfer. This is a function of the electrode structure which, in the 
case of gas diffusion electrodes for electrolyzers and fuel cells, is composed of redox 
centres (on the metal catalyst), an electron conductive phase (carbon) and a polymer 
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binder (Nafion®) that also functions as a proton conductor/solid electrolyte. The rate 
of charge transport in response to a change in the redox reaction on the metal centre 
depends strongly upon the polymer electrolyte. The overall performance of these 
electrodes is thus a function of the electron transfer at the electrode film interface, 
charge transport through the layer, and mass transport of the reactant and products 
within the layer (Rusling and Forster, 2003).  
 
The performance of the PEM fuel cell or PEM electrolyzer electrodes is dependent 
upon the proton network, electronic network and the interface between the electrolyte 
and the electrocatalysts as well as the interfacial resistance (Rajalakshmi et al., 2007).   
 
A two phase flow within the gas diffusion layer is caused by the reactant (liquid) 
supply to the active layer and the removal of product (gaseous). In PEM electrodes, 
an effective mass transport of reactants to, as well as of products from the reaction 
zone is required to achieve high reaction rates and reduce efficiency losses. Therefore 
electrodes in PEM electrolyzers or fuel cells include a porous GDL between the flow 
field of the bipolar plate and the reaction zone of the electrode’s active layer, to 
ensure a homogeneous and efficient mass transport over the whole active area of the 
cell. Typically, the GDL is one to two orders of magnitude thicker than the active 
layer where the reactions take place. The structure of the porous gas diffusion layer, 
including its porosity and tortuosity, affects the two-phase mass transport in the 
electrodes. The effects of different fabrication methods, thicknesses of gas diffusion 
layer and the impregnation method of Nafion® solution, upon porosity and on fuel 
cell performance have been explained in terms of reduced charge transfer resistance 
and extension of the three-phase region (Lee et al., 2004).  
 
Films of catalyst and ionomer in the micrometer range do not have the mechanical 
integrity to be freestanding, therefore a composite is required in which a thin catalytic 
substrate zone is located within a highly porous conductive matrix or upon the 
polymer membrane itself. Cabasso, et al., in U.S. Patent 5,783,325 (1998) point out 
that the most common binder and membrane used for composite electrodes is 
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Nafion®, because of its proton conductive characteristics. The optimum Nafion® 
content as binder affects both the activity of a catalyst and also the ionic resistance of 
the electrode, therefore its presence in the catalyst layer is necessary for good 
performance. These patents give typical Nafion® contents that may range from 30 – 
40 dry wt % and loading is calculated as a dry weight (wt%) of ionomer divided by 
the total dry weight of the catalyst and ionomer and multiplied by 100. Nafion® 
solution has been used successfully in MEAs, but the mechanical properties of 
Nafion® change above 90 ºC and under pressure plastic flow occurs and at >120ºC, 
collapse of the interface occurs and the MEA irreversibly loses its properties. 
Although many other substitutes for Nafion® have been explored, this problem has 
not been solved yet.   
 
Other issues such as variable membrane hydration, ternary gas mixtures for reactant 
streams, phase change of water in the gas diffusion electrodes, and the temperature 
distribution across the cell are also of importance in MEA performance (Rowe and 
Li, 2001). Two-phase transport of reactants and products constitutes an important 
limit in performance of polymer electrolyte systems. For instance, in fuel cells at high 
current densities or low gas flow rates, product water condenses in the open pores of 
the cathode gas diffusion layer (GDL) and limits the effective oxygen transport to the 
active catalyst sites (Pasaogullari and Wang, 2004). Dynamic interactions within a 
PEM electrolyzer such as water phenomena, electro-osmotic drag and diffusion 
through the membrane should also be considered (Görgün, 2006).  
 
The overall MEA performance will also be a function of the way in which the 
catalyst is supported and the microstructure of the catalyst support as well as that of 
the catalyst. For instance, carbon aerogel supported Pt catalysts with different pore 
size distributions and Pt content were synthesized and tested in a PEMFC operation. 
The microstructure of the support, the perfluorosulfonate-ionomer distribution and 
the pore size distribution of the aerogel supported Pt catalyst was shown to have an 
effect on the performance of the PEMFCs. The PEMFC prepared with a low Pt 
loading (0.1 mg cm-2) of a porous aerogel supported catalyst showed high power 
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densities up to 0.8 mW cm-2 in fuel cell operation conditions in air and at ambient 
pressure (Smirnova et al, 2005).  
 
MEA performance is highly dependent on catalyst structure, specifically the relative 
volume fractions of gas pores and polymer membrane contained within the active 
region as well as the geometry of the individual catalyst agglomerates (Siegel et al., 
2003). 
 
These examples show that the performance of a MEA is not only determined by the 
electrocatalyst activity, but by numerous other parameters relating to the electrode 
structure.  Although many of the above studies relate to the requirements of fuel cell 
MEAs, the conclusions drawn can be extrapolated with due caution to the case of the 
SPE electrolyzer MEAs, with consideration of the differences between the systems.   
 
6.2.4 Screenprinting 
 
Because screen printing was the method chosen for preparing electrodes in this 
chapter, the general procedure was reviewed. It was not the aim of this study to 
optimize the screen printing method but to adequately characterize the morphology 
and electrical properties of the screenprinted film. The inks used for screenprinting in 
this study consisted of finely divided particles in a paste blend. 
 
Although screen and stencil technologies are well developed for manufacturing fuel 
cell electrodes and membranes (DEK® International, 2007), production methods of 
active components for fuel cell and electrolyzers must become faster and more highly 
automated for lower costs and higher production volumes. High-speed, accurate, 
repeatable, cost-effective screen printing with optimized ink formulations should 
enhance delivery of high-quality membrane electrode assemblies (MEAs) suitable for 
application in PEM systems such as SPE electrolyzers. 
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During the screen printing process a free flowing ink is spread using a squeegee and 
forced through the apertures of a screen mesh, overlaid with a patterned stencil 
(Davis, 1999).  Screens are made with various thread counts which can be altered 
depending upon the chosen design. Typical screen materials are nylon, terylene and 
metal and the film is about 20 µm in thickness. Various kinds of support materials or 
carriers can be printed, using ultraviolet screen printing inks (Abbott, 2005). The 
screen pitch, which is the shortest distance between the centres of two adjacent screen 
apertures or cells, depends on the technology and the geometry used. A typical pitch 
value for metal screens is 83 µm. The standard lines-per-inch (LPI) of a screen 
printable design is 65 lpi for automatic process prints.  
 
Problems in printing can be reduced by using a different angle of print with a higher 
mesh count of 4 to 5 times the LPI (Fresener, 2008). During screen-printing with a 
grid pattern, printing defects are likely in electrode layers. For instance, moire caused 
by interference with the mesh of the screen of the printing plate, or breaking and 
thickening of thin lines, may occur making precise printing difficult (Okada et al, 
2007). United States Patent 6505554 issued to Rhein (2003) describes a process of 
screen printing images on a substrate that utilizes specific screen angles which 
effectively diminishes the moire effect and other screen printing process distortions. 
Multiple layering is recommended as a means to avoid these problems. Other 
problems that may arise during printing (Technigraphics, 2002) include smearing, 
streaking, reduction, bleeding, haze, flow marks, pin holes, voids, and inconsistency.  
 
Screen printing presents advantages as a high-throughput, automated solution for 
creating fuel cell components. As example, the Hydrogen Institute of Applied 
Technologies (H.I.A.T. gGmbH)  advertise that proprietary screen-printing 
techniques are a rapid, low-cost and repeatable way to prepare bifunctional catalytic 
electrodes in a homogeneous layer of uniform thickness for polymer electrolyte 
membrane fuel cells. Screen printing is possible on most polymers (e.g. different 
types of Nafion®) as well as on gas diffusion layers (e.g. Toray paper). Homogeneous 
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current distribution as well as optimized orientation of microstructure in the electrode 
has been claimed.  
 
Replicable, stable cell currents and voltages were obtained by screenprinted 
electrodes (Pettersson, 2006). Various approaches have been taken to improve ink 
formulations in screen printing for electrode performance. Eggins (2002) reports that 
various modifying components can easily be incorporated into a carbon paste ink 
suited for screen-printing thick film graphite powder based sensors.  The 
electrochemical behavior of thick film carbon sensors fabricated with four different 
commercial carbon inks was compared for redox systems and different background 
currents showed that the choice of the ink would depend upon the specific technique 
being used (Wang et al., 1998).  
 
Glycol-based solvent and iron oxide inks have been studied, to improve viscosity and 
achieve a good level of screen printing performance by slurry control during screen-
printing. Optimum parameters of the screen such as aperture diameter (70 mesh) and 
emulsion thickness (over 30 mm) were established (WE-NET, 1998). Screen-printing 
of PEM fuel cell electrodes has been reported in the open literature (Park, 2002; 
Tanaka et al, 2005).  Tanaka and co-authors imply that the success of screen printing 
is a complex interplay of the format of the screen printer device, the type of 
dispersant used in the ink, the viscosity of the ink, as well as the ratios of the different 
components in the inks. These variables have an effect upon the shear rate and 
thixotrophy index of the ink. The complexity in preparing carbon based electrodes 
and incorporating nanophases into electrodes result in many differences in the 
composition of commercial and proprietary carbon inks used for fabricating screen-
printed electrodes.   
 
Screen printing is not always the best approach to preparing electrodes for a specific 
application as can be seen in the case of electrodes for solid oxide fuel cells (SOFC). 
Good bonding and mechanical stability of screen printed electrodes for solid oxide 
fuel cells requires high firing temperatures, which could cause formation of resistive 
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reaction products detrimental to the electrode performance (Labrincha et al., 1993).  
Cathodes could be deposited by screenprinting or by firing. Tape casting and co-
firing were methods used to prepare reduced temperature solid oxide fuel cell (SOFC) 
anodes where thin film 8YSZ electrolytes were deposited on Ni–YSZ anode support 
plates. (Van Herle et al., 2001). 
 
Many electrochemical properties change when the electrodes in cells are layered 
(Majima, 1997a and b; Majima, 1999; Majima, 2001; Kitoh, 1996). The different 
zones of the screenprinted electrodes as well as the electrical contacts should be 
studied in order to optimize both the composition and distribution of the layers 
deposited on the support for the construction of a homogeneous and reproducible 
layer of the catalyst on the substrate. 
 
6.2.5 Other Applications Of Screenprinted Electrodes 
 
Screen printing as an approach for the preparation of electrodes is widely utilized for 
various other applications and a few examples are given.  Screen-printing technology 
is used for the mass-production of disposable electrochemical sensors. Multilayer 
films containing multiwall carbon nanotubes and redox polymer were successfully 
fabricated on a screen-printed carbon electrode using a layer-by-layer assembled 
method for electro catalysis of ascorbic acid (Sha et al., 2006).    Different strategies, 
including palladium electro deposition, Pd sputtering and Nafion®-solubilized carbon 
nanotube casting, were used to modify screen-printed carbon electrodes for the 
fabrication of amperometric enzyme biosensors (Lee et al., 2007). In another earlier 
example, semiconductor TiO2 thick film electrodes were prepared by screen printing 
for sunlight photo electrolysis of water (Ahmed, 1986).  
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6.2.6 Ink Formulations 
 
From various references it could be seen that much of the information on ink 
formulations is proprietary or patented. In U.S. Patent 7316475, issued to Cornell et 
al. (2008), and 6158843 issued to Murthy et al. (2000) thermal inkjet printing of 
aqueous inks heavily loaded with silver nanoparticles, typically the mole fraction of 
water in the ink should be greater than 0.9 with respect to only the liquid components 
of the ink and the ink viscosity be less than 3 Pa-s at 22 ºC, for inks containing metal 
nanoparticles. According to Cornell et al., (2008) US patent 2003/0185971 by Saka 
claims conductive ink formulations with low viscosity for ink jet printing, which are 
limited to 10 % solids. The particle size should be less than 50 nanometers (nm) for 
the best resolution and minimal settling. An upper limit to prevent excess particle 
settling is about 132 nm (Cornell et al., 2008). Polymeric dispersants such as ionic 
hydrophilic methacrylic acid and nonionic hydrophilic polyethylene glycol are used 
in aqueous inkjet inks as dispersants, as well as ingredients such as humectants to 
reduce evaporation, and such inks resulted in a sheet resistance of 0.16 Ohm (Guan et 
al., 2006). According to Cornell et al., (2008) no theoretical basis exists for the 
viscosity of liquid mixtures. This patent states that the mole fraction of water in the 
ink should be greater than 0.9 computed with respect to only the liquid components.  
 
An important requirement of a commercial ink formulation is to make a stable 
aqueous based colloid dispersion. There are many ways to prevent the metal colloid 
to agglomerate and precipitate. USPTO Application 20060044382 discloses 
stabilizers such as surfactants, polyelectrolytes, gelatin, polyphosphates, amino 
grafted polymer, or oligomer, dendrimer, crown ethers and amphiphilic polymers 
such as carboxymethyl cellulose sodium salt. However, these stabilizers could cause 
problems such as increasing the viscosity of the dispersion or not being compatible 
with the components of the system or may introduce unwanted salts into the system, 
and may create problems to remove the excess salt or stabilizer after printing. 
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 Differences in conductive ink formulations can have a pronounced effect upon 
electrode performance. If nanoparticles form part of an ink formulation, it is 
necessary to optimize the conductive inks and tailor the ink to provide high 
conductivity and low resistance at low curing temperatures, to ensure good adhesion 
on flexible substrates such as Nafion®, reduce interfacial problems and to provide 
additional functionalities, such as diffusional properties. Moreover, different printing 
technologies can introduce flaws such as severe moire patterns, horizontal print 
banding frequencies and also result in ink bleeding due to too much ink printed 
locally (Shu et al., 1997).  
 
In many cases heat curing of the printed layer is desirable as at 66°C water begins to 
leave the ink and at 94°C the binder may reach its lowest viscosity and maximum 
surface contact is made with the substrate. At 105°C water should leave the ink 
rapidly and at 133°C approximately fifty percent of the water is gone and the binder 
and particles start to cure. By 150°C most of the water is gone and the binder-
particulate combination is partially cured. Maintaining this temperature for 30 s to 1 
min should allow the binder and particulate to cure (NEHOC, 2008). However, when 
using Nafion® PEM membranes as a substrate for printing, high heat curing is not 
possible as the membrane is heat sensitive. 
 
Tanaka et al (2005) used either dibutyl phthalate or isopropanol as dispersion media 
or solvent during the development of an ink paste suited for screen-printing catalytic 
electrodes for micro electromechanical system (MEMs) based fuel cells. 
Dibutylphthalate was found to have the appropriate viscosity whereas isopropanol 
had an undesirable decrease in viscosity at high shear rate causing unwanted and 
excess flow during screen-prinitng. These authors also found that the viscosity of the 
ink at a low shear rate should not be too high if uniformity of the screen-printed layer 
was to be achieved. A degree of flow due to surface tension was required for 
uniformity. The thixotrophy index should thus be small for screen printed inks.  
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Based upon the limited information available on screen printing conductive 
nanoparticle containing inks, this chapter focused on investigating the effect of some 
variables such as dispersant  type and ratio, overall ink composition, and substrate 
type upon the electronic characteristics of the film formed on the substrate which was 
either a gas diffusion layer or the ionomer membrane. 
 
6.2.7 Surface Tension, Viscosity and Rheology  
 
Surface tension is the energy required to stretch a unit change of the surface area due 
to the unbalanced force experience by molecules at the surface of a liquid. As a result 
of surface tension, a drop of liquid tends to form a sphere, which shape offers the 
smallest area for a definite volume. Different liquids have different surface tensions. 
The surface tension of water is 72.8 dynes cm-1 and the surface tension of propylene 
glycol is 40.1 dynes cm-1 at 25 °C. Substances with low surface tension have a 
tendency to form films. The intermolecular attraction between like molecules is 
called cohesion, and adhesion is the attraction between unlike molecules. Liquids 
with high surface tensions have strong cohesion forces, and are poor wetting liquids 
due to low adhesion forces. A wetting agent increases the adhesion force between two 
different materials. Molecules of wetting agents usually have a polar and a non-polar 
portion. When added, the wetting agent increases the wetting action of water with the 
non-polar material. For propylene glycol solutions in water the surface tension 
decreases with increasing mass fraction (Horibe et al., 1997). Propylene glycol has an 
amphiphilic nature, and hydrogen-bonding with strong solvation interactions with 
water thus different molar fractions in water may allow tailoring of the 
hydrophilic/hydrophobic balance. The interactions with water arise from the 
hydrogen bond donor and acceptor properties of the hydroxyl function (---OH) and 
the direct interactions between the alcohol groups and water are sufficiently high to 
prevent phase separation at higher temperatures (Bauduin et al., 2004).  
 
Viscosity is a measure of the resistance of a fluid which is being deformed by either 
shear stress or extensional stress. Viscosity describes the internal resistance to flow of 
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a fluid. Water has a viscosity of 1 centipoise at 20 °C and the viscosity of ethylene 
glycol is 16.1 centipoise at 25 °C (Lide, 1992).  Fluids such as the inks formulated in 
this study do not have a constant viscosity, thus are Non-Newtonian fluids. Such 
fluids exhibit a variety of different correlations between shear stress and shear rate. 
 
Rheological characterization of ink is of relevance in printing technologies (Tanaka et 
al. 2005).  Modelling the rheological properties of solutions has received attention. 
One of the more general models (Chhabra & Richardson, 1999) which has been used 
consistently in the literature to describe the time independent viscous characteristics 
of slurries such as the inks, is the Yield Pseudoplastic or Herschel-Bulkley model. 
This model is also able to describe Power-law or pseudoplastic behaviour  and 
Bingham plastic behaviour. The general forms of these models are shown in Figures 
6.1 to 6.3 (Chhabra & Richardson, 1999). The Newtonian model would appear as a 
horizontal line in Figure 6.2. Referring to Figure 6.3, it can be seen that all three 
models illustrate shear thinning behaviour, as viscosity decreases with an increase in 
shear rate. 
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Figure 6.1 General form of the flow curve (or rheogram) - linear axes. 
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Figure 6.2 General form of the flow curve (or rheogram) - logarithmic axes. 
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Figure 6.3 General form of the viscosity diagram for the rheological models on 
logarithmic axes. 
 
 
Solids concentration is perhaps the most important parameter affecting slurry 
rheology and slurry rheology can be correlated with solids concentration. It is 
important that empirical methods are used in order to relate rheology to concentration 
for the most meaningful and comparable results to be obtained (Chhabra & 
Richardson, 1999). 
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Besides solids concentration, a related factor influencing the rheology of the slurry is 
maximum packing density which in turn is influenced by the particle size 
distribution. Very little work has been done in attempting to relate these and other 
particle properties to the rheology (Dabak & Yucel, 1987). Unfortunately there is no 
correlation proposed for the flow behaviour index (n). Despite this, the rheological 
constants can be correlated against concentration using simplified versions of the 
correlations proposed by Landel et al. (1963) for the fluid consistency index (K) and 
Dabak & Yucel (1987) for the yield stress (τy).  In order to determine the rheological 
parameters, a flow curve is needed, measuring the shear stress over a range of shear 
rates. For any suspension, there may be time dependant behaviour. This is important 
when constructing the flow curve, because if there are significant changes with time, 
the flow curve should be constructed using viscosities measured at a time where it is 
constant. This phenomenon can be investigated by measuring the change of viscosity 
with time. The slurry viscosity may be stable with time for the first time period, after 
which it may start to decrease as the solid particles began to settle out. At higher 
shear rates, the particles may be kept in suspension with no significant decrease in the 
viscosity (Chhabra & Richardson, 1999). 
 
6.2.8 Characterization: Hall Measurements  
 
Characterization of the activity of gas diffusion electrodes is typically confined to 
cyclic voltammetry or stack testing. However, as Chapter 7 will specify, this can 
introduce extraneous interferences which make it difficult to examine the quality of 
the film containing the nanophase electrocatalyst.  Various approaches have been 
described for measuring the homogeneity of a gas diffusion electrode in a working 
cell or stack (Stephan et al., 2006; Ghosh et al., 2006; Brett et al., 2007; Sauer et al., 
2008). Characterization of the homogeneity and current density of the electrode layer 
prior to incorporation in the MEA is of importance, as inhomogeneity will directly 
impact on its performance in a stack. 
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Typically in this study (see Chapter 7) the MEA for H2 production was prepared as 
follows: the cathode was prepared by spray painting or coating the carbon-supported  
Pt electrocatalyst (1 to 6 mg cm-2) and ionomer onto the GDL. The anode was 
prepared by spraying about 6mg cm2 IrO2 or carbon supported Pt onto pretreated 
titanium fibre as GDL. The MEA was pressed by sandwiching the ionomer 
membrane (typically Nafion® 117) between the cathode and anode electrodes and 
hot-pressing at 130ºC and 40 bar for 5min.  However, this procedure resulted in many 
extraneous variables influencing the performance of the MEA, as is further described 
in Chapter 7. Thus it was not possible to accurately characterize the films containing 
the electrocatalysts separately once formed into a MEA.   
 
Therefore the film was separately characterized using the Hall measurement system 
by printing the film on a non-conductive substrate such as paper or on the PEM itself 
and comparing the printed layers on these substrates with the substrate typically used 
as gas diffusion layer in MEAs, namely carbon cloth.  
 
Utilization of a magnetic field for characterization of the distribution of current 
densities in proton exchange membrane fuel cells (PEMFC) to enable optimisation of 
fuel cell performance has recently been described (Candusso et al., 2004). Hall 
measurements were shown for IrO2 films (Patil et al., 2003). The Hall effect 
measurements were carried out at room temperature and the values of Hall resistivity 
(ρH) and carrier concentration (NH) were deduced showing their variation with film 
thickness. These authors demonstrated that as film thickness increased, ρH decreased. 
The decrement in ρH was ascribed to the increase in carrier concentration, which 
stemmed from ionization of defect and change in mobility of charge carriers of IrO2 
films. The surface properties or large defect concentration can dominate the transport 
properties of such dioxides.  
 
Current distribution mapping, increasing the homogeneity of the current density 
distribution and achieving a uniform utilisation of the active area is of significant 
importance in fuel cell and electrolyzer MEA developments (Eckl et al., 2006). The 
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structure and current carrying capability of the catalyst containing film on the 
electrode is the prime aspect in this chapter that was investigated. An intrinsic 
material property such as resistivity (or conductivity) is required to quantify the 
current-carrying capability of the material for comparisons between different 
samples. Resistivity is not a fundamental material parameter, because different 
materials can have the same resistivity. Different sample geometries also give 
different resistance values. Thus it is necessary to consider carrier density n and 
mobility µ in the electrical characterization of a material. In order to determine both 
the mobility µ and the sheet density ns, a combination of a resistivity measurement 
and a Hall measurement is required.  
 
6.2.9 Resistivity And Hall Effects 
 
The resistance (R) and conductance (G) of a material are measurable physical 
quantities obtainable from two-terminal current (I) and voltage (V) measurements. 
The resistance alone, however, does not adequately discriminate between materials as 
different sample shapes give different resistance values. Resistivity on the other hand 
allows the quantification of the current-carrying capability of a material for relevant 
comparisons between different samples (EEEL-NIST, 2008).  
 
The Hall effect is the potential difference (Hall voltage) on the opposite sides of an 
electrical conductor created by a magnetic field applied perpendicular to a current 
flow (EEEL-NIST, 2008). The Hall effect discriminates between positive charges or 
holes moving in one direction and negative charges moving in the opposite. 
 
Because resistivity by itself does not fully characterize the electrical transport of a 
material, and carrier density n and mobility µ need to be considered it is necessary to 
apply a magnetic force normal to the direction of the electron flow (Figure 6.4).  
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Figure 6.4   Hall effect in a thin flat conductor (http://hyperphysics.phy-
astr.gsu.edu/hbase/magnetic/hall.html) 
 
The force that arises as a result of the simultaneous current and magnetic flux is 
called the Lorentz force, which influences the electrons to move sideways with a drift 
velocity away from the line of electron flow, resulting in an excess surface electrical 
charge accumulating on one side of the sample. This charge results in the Hall 
voltage, a difference of potential between the two sides of the sample (Putley, 1960).  
 
Various problems may arise in the measurements because of offset voltage caused by 
nonsymmetric contact placement, sample shape, or non-uniform temperature 
(Chwang et al., 1974), but modern instrumentation and careful sample preparation 
can minimize these effects. The magnitude of the Hall voltage VH is equal to  
 
VH =IB/qnd        6.1  
 
where I is the current, B is the magnetic field, n is electron bulk density, d is the 
sample thickness, and q (1.602 x 10-19 C) is the elementary charge. Layer or sheet 
density (ns = nd) can be substituted instead of bulk density, thus: 
 
 ns = IB/q|VH|       6.2 
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The values of I, B, and q are known and the Hall voltage VH can be measured, thus 
the sheet density ns of charge carriers can be determined.  
 
The Hall mobility µ is calculated as follows: 
 
µ   = 1/qnsRS (in units of cm2V-1s-1)     6.3 
 
from the sheet carrier density ns and the sheet resistance RS. The sheet resistance RS is 
determined by use of the van der Pauw resistivity measurement technique (Van der 
Pauw, 1958; Putley, 1960). A resistivity and a Hall measurement are needed to 
determine the mobility µ  and the sheet density ns (ASTM method F76, 2000).  The 
Hall measurement, carried out in the presence of a magnetic field, yields the sheet 
carrier density ns and the bulk carrier density n if the conducting layer thickness of 
the sample is known. The carriers can be a positive or negative carrier type. 
Conventionally in a dry semi-conducting material the positive carriers are “holes” 
and the negative carriers, electrons. In electrolytes both carriers can be ions. 
 
6.3 MATERIALS AND METHODS 
6.3.1 Ink Preparation 
 
The electrocatalyst used in the optimization of the ink formulation for screen printing 
was a commercial electrocatalyst (Alpha Aesar 40% Pt on Carbon Black; Hispec 
4000 (Stock 42204 ; Lot F01Q12)) in most cases. Sample series LP06 was made with 
Alpha Aesar 40% Pt on Carbon Black (Hispec 4000: Lot J26P18). This commercial 
catalyst was chosen as it is well characterized by the vendor and gives satisfactory 
performance as the catalytic electrode of conventional PEM fuel cells and is the 
benchmark in the thesis. 
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Solvents that were used included ultra pure water, isopropanol or alternatively 1,2-
propanediol (Propylene Glycol) 99% (Sigma Aldrich, Cat. No. 13436B; Lot S39776-
337). Propylene Glycol specifications are: Boiling Point, °C : 187.3 ; Density, 20/20 
°C : 1.0381; Surface Tension, dynes cm-1, 25 °C : 40.1;  Viscosity, cP, 20 °C : 0.581 
;Vapour pressure, mm Hg, 20 °C : 0.07 ; Solubility in water : Completely soluble.   
 
Where any additional conductive phase was added to the catalytic ink a product sold 
as “Fullerenes” by Aldrich (37946-2.56  03702HE 99.5% FW 720.67) was used. 
Table 6.1 gives the exact composition of each ink. The catalyst was weighed and the 
water added prior to addition of the solvent to prevent combustion of the catalyst 
upon addition of the solvent. Each component was weighed sequentially into a vial 
which was sealed until use. Inks were generally sonicated for 5 min prior to use. 
 
Table 6.1 Ink compositions 
Series Catalyst 
JM Pt40/C 
(g) 
Water Nafion® 
5%  
(g) 
Isopropanol  
 
(g) 
1,2 
Propanediol  
(g) 
Fullerenes 
 
(g) 
LP00 0.0532  100 µL 0.0877 nil nil nil 
LP01 0.526  0.0984 g 0.0652 0.5432 nil nil 
LP02 0.1125 0.0999 g 0.0783 nil 0.5218 nil 
LP03 0.1009 0.1002 g 0.0788 nil 0.7481 nil 
LP04 0.1017 0.2173 g 0.0795 nil 0.6217 nil 
LP05 0.0983 0.2978 g 0.0793 nil 0.3191 nil 
LP06 0.0989 0.2952 g 0.0977 nil 0.2993 0.0353 
LP07 0.1008 0.3324 g 0.0768 nil 0.3031 nil 
 
Table 6.2 shows the molar ratio of the dispersants H20 and 1,2 propanediol, 
normalized to H2O for ease of reference. The water and solvent accompanying the 
Nafion® should also be considered but, as the value was kept fairly constant apart 
from series LP06, this value was neglected for the purposes of calculating the molar 
fractions of the dispersants H20 and  1,2 Propanediol. 
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Table 6.2  Molar ratio of dispersants H20: 1,2 Propanediol 
 H2O M 1,2 Propanediol M 
LP02 1 1.24
LP03 1 1.77
LP04 1 0.68
LP05 1 0.25
LP06 1 0.24
 
6.3.2 Screen Printing Experimental 
 
Films of nanophase containing catalytic ink were screen printed onto selected 
substrates using a Presco screen printer (Model MSP-645 Affiliated Manufacturers 
Incorporated (AMI)) operated at air pressure maximum of 80 psi. The speed of the 
squeegee was factory preset, and the angle of attack, from the geometry of the 
squeegee settings, is about 45 degree. The screen used for printing was a polyester 
screen with 35 µm thread thickness and number of threads per cm is 120 lines cm-2 
with an aperture pore size of about 50 µm. The screen print design was manufactured 
by a photo resist technique to produce four exactly 1 cm2 sized electrodes per print 
run on each substrate. Therefore each print run produced four distinct 1 cm2 sized 
electrodes. Exact registry of print layers was determined by careful sizing and exact 
placement of the substrate prior to screening. 
 
Screen printing of catalytic inks into films to form the composite electrode format 
was done onto two different substrates for Hall measurements namely, bond paper 
(Mondi Rotatrim 80 g m-2 uncoated paper) and Nafion® sheets (N117  1100 EW 
produced by Ion Power).  Bond paper is generally used in ink jet printers. These 
papers may have coatings to receive ink or fillers to achieve a specific mass per unit 
size. Nafion® sheets are used as the PEM electrolyte in electrolyzers and fuel cells. 
Nafion® sheets were prepared as is specified in Chapter 7 prior to use. Upon removal 
from storage in ultra-pure water, each Nafion® sheet was air-dried for 30 min and 
then pressed between leaves of paper for approximately 2 h to ensure flatness prior to 
screen printing.  
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Each substrate was carefully weighed before and then after deposition and drying of 
the separate layers with a hand held blow drier, and the mass calculated for each print 
area of 4 cm2 in size, comprising four 1 cm2 electrodes. After the solvent evaporated, 
the film that was deposited consisted primarily of electrocatalyst with only a small 
amount of incorporated Nafion® ionomer as binder. No other components were 
added to the ink formulations to minimize interferences. 
 
Optical microscopy of printed electrode layers was performed to evaluate the printed 
layer homogeneity and catalyst particle dispersion or agglomeration. Images were 
taken with an Olympus SZX12 optical microscope at 20x magnification. 
 
6.3.3 Hall Measurement Experimental 
 
6.3.3.1. Sample preparation 
After screen printing, electrode samples were prepared for resistivity and Hall effect 
characterization. The 1 cm 2 screen printed electrode was carefully trimmed and 
mounted on thin cardboard to ensure flatness and thereafter mounted onto the 
Lakeshore Sample Holder (part number 750SC10-50) with “solvent and acid free 
water soluble glue” (Henkel Pritt). The electrical contact was made by placing four 
small ohmic contacts on the four corners of the supported film (Figure 6.5 (a and b)) 
using silver conductive ink (screen printed or hand painted using DuPont Silver paint 
5000). 
 
Thereafter contacts were hand painted between each corner of the 1 cm2 electrode 
and silver contact points 1, 2, 3 and 4 on the Lakeshore Sample Holders. Mounted 
samples were cured at 70 °C in a hot air oven for 30 min to ensure contact dryness. 
This treatment was not suitable for Nafion® based samples as the Nafion® degraded, 
thus samples on Nafion® substrates were air-dried. 
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The printed sample could be connected to the Lakeshore Sample Holders (part 
number 750SC10-50) using silver wire and Indium solder for electrical contact, 
because the low temperature melting of indium allowed soldering of silver contacts 
with indium foil onto paper backed samples and did not damage the sample as paper 
can withstand 250 °C. Indium welded silver contacts were used in cases where the 
catalytic ink was overprinted upon silver printed contacts as can be seen in Figure 
6.5(b). It was found that hand painting the silver contacts onto the 1 cm2 screen 
printed electrodes was more suitable for Hall measurements of these samples and this 
was the mounting procedure used for characterization of screen printed sample 
electrodes. 
 
 
(a) Indium contacts for samples overprinted onto silver 
printed contacts on Lakeshore Sample Holders 
750SC10-50 
(b) Silver contact hand painted on 
screen printed samples 
Figure 6.5 Electrode preparation for sample mounting 
 
6.3.3.2 Instrumental set up conditions 
The Hall measurements were obtained using a Lakeshore 7704 system with  HMS 
Matrix 775 control instrument sample Module Model 75013SCSM  (max 100 V) and 
a Sample Module Model 75013SCSM (Figure 6.6) to apply the magnetic field (with a 
maximum of  10.8 Gauss).  
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Figure  6.6 Lakeshore 7704 HMS Matrix Hall measurement system 
 
Hall effects were determined at ambient temperature but without equilibration of 
moisture content by placing mounted samples in a light proof sampling chamber 
(Figure 6.6). The Lakeshore system was used to determine the film resistance RS via 
the van der Pauw technique (Putley, 1960). The film carrier density ns  was measured 
by the Hall voltage VH .  
 
Manual resistance measurements were firstly obtained to check the integrity of 
contacts according to the van der Pauw geometry which is geometry independent 
(van der Pauw, 1958). Terminals were painted on the corners of each electrode 
(Figure 6.5 (b)). Connections were made according to the (R12,12; R23,23; R34,34; 
R41,41) configuration for each prepared electrode after mounting in a Lakeshore 
sample holder and a voltage applied between each terminal successively.  
 
The Van der Pauw geometry (Van der Pauw, 1958; Putley, 1960) was used for IV 
curve measurement starting at -1.0 mA to 1.0 mA with a step size of I=100 mA and a 
dwell time of 5s. Thereafter a Variable Field measurement was obtained for each 
sample between 10 kG and 1 kG at a step size of 1 kG and dwell time of 10 s at a 
current of 1 mA. The mode chosen was linear sweep with field reversal and geometry 
A+B to minimize any lack of symmetry. 
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6.3.4 Experimental: Rheology of inks 
 
Ink samples were prepared for rheological measurements using different solvents, 
liquid to solids and solvent to water ratios as given in Table 6.3. 
 
Table 6.3 Liquid to solid ratio and solvent to water ratios of ink formulations 
Sample Name LPO 1 LPO 10 LPO 4 LPO 5 LPO 11 
Liquid:Solid ratio 14 14 8 6 14 
Solvent: water ratio 5:1 5:1 3:1 1:1 1:1 
Solvent type Iso-
propanol 
Propanediol Propanediol Propanediol Propanediol 
 
After weighing and mixing the ingredients of each ink for 30 min using a magnetic 
stirrer, inks were ultrasounded for 5 min before viscosity measurements were taken. 
Rheological measurements were conducted using the Anton Paar Physica MCR 300 
system. Viscosity measurements were obtained at 25ºC using CP50-4 measuring 
system and TEK 150 PA-C measurement cell with 0.5 mm cone/plate gap, between 1 
and 1000 reciprocal seconds.  
 
6.4 SCREEN PRINTING RESULTS 
 
A series of electrodes were printed as specified with either a single print or one or 
two overprints as is listed herewith: 
LP02: Run 1 = one layer; Run 2=one overprint, replicated 3 times 
LP04: Run 1= 1 layer; Run 2=one overprint (2 layers); Run 3=two overprints (3 
layers) 
LP05: Run 1= 1 layer; Run 2=one overprint (2 layers); Run 3=two overprints (3 
layers) 
LP06: Run 1 =1 layer; Run 3= two overprints (3 layers) 
 
Ink formulations printed on Nafion® sheet 117 as substrates, are denoted with the 
suffix “nafion” in the text. These substrates could not be weighed accurately due to 
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slow moisture loss from the moisturized Nafion® substrate over time. Nafion sheets 
were printed at STP and were equilibrating during printing as the drying time of 30 
min prior to printing was chosen to reduce deformation of the sheet and maintain 
some hydration for characterization. 
 
The mass % increase determined for the series of electrodes printed on bond paper as 
substrate using the respective isopropanol or 1,2 propanediol based ink formulations 
given in Table 6.1  are presented in Table  6.4. 
 
Table 6.4 Mass % increase of substrate before and after printing (area of print = 4 
cm2). 
 LP02 LP04 LP05 LP06 
Run 1 before (g) 0.7014 0.7039 0.6544 0.6509 
Run 1 after (g) 0.7017 0.7081 0.6589 0.6554 
Mass % increase 0.0428 0.5931 0.6829 0.6866 
Run 2 before (g) 0.6595 0.6523 0.6825  
Run 2 after (g) 0.6661 0.6603 0.6898  
Mass % increase 0.9908 1.2116 1.05828  
Run 2 before (g) 0.6527    
Run 2 after (g) 0.6588    
Mass % increase 0.9259    
Run 2 before (g) 0.6922    
Run 2 after (g) 0.6992    
Mass % increase 1.00114    
Run 3 before (g)  0.648 0.6441 0.6783 
Run 3 after (g)  0.6602 0.6554 0.6873 
Mass % increase  1.84793 1.7242 1.3095 
 
Each print run using the respective formulations listed in Table 6.1 produced four 
distinct 1 cm2 sized printed electrodes upon the selected substrate. The general design 
of the screen, with 4 separate 1cm2 electrodes, thus gave two circular and two square 
shaped electrodes for each print run. The shape of the electrode (round versus square) 
was varied to establish what effect this would have on print quality and take-off 
effects.  
 
The mass increase of the film deposited on the substrate (paper), after each 4 cm-2 
layer of ink was deposited by screen printing was fairly reproducible (Figure 6.7) 
CHAPTER 6 
_____________________________________________ 
 219
using different the ink formulations detailed in Table 6.1.  Series LP03 was not 
weighed accurately thus this mass is not reported. 
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Figure 6.7 Mass (g) increase of the substrate after each successive overlayer for  print 
series LP04 and LP05. 
 
The mass (g) of the substrate approximately doubled upon deposition of each 
successive layer superimposed upon the previous layer, increasing the substrate mass 
by approximately 0.004 g / 4 cm -2 each time (Figure 6.8). Thus each separate 
electrode of 1 cm2 increased by approximately 0.001 g with each successive 
overprinted layer. 
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Figure 6.8 Mass % increase of electrodes for electrodes after each successive 
deposition over 4 cm -2 
 
It was thus possible to accurately deposit a chosen mass of active component per unit 
area using the screen printing method, which depended upon the ink viscosity and the 
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mass % increase was consistent between print runs and series (Figure 6.8). Ink 
viscosity was a function of the amount of particulate matter (electrocatalyst) in the 
formulation as well as the amount of Nafion® ionomer used as binder and the type 
and relative amounts of each dispersant / solvent chosen. The amount of ionomer and 
electrocatalyst was kept more or less constant, thus in this study the dispersant / 
solvent type and ratio played the major role in ink viscosity.  
 
6.4.1.1  LP01 series 
Figure 6.9 shows the results of printing with series LP01 ink where an ink based upon  
isopropanol as dispersant/solvent was used.  
 
Figure 6.9 Series LP01 print run-1 
 
LP01 series were printed using a typical spraycoating ink formulation used in 
preparing fuel cell MEAs (Chapter 6), containing isopropanol (and not 1,2 
propanediol) as is given in Table  6.1. Optical microscopy images (backlit) of the 
films printed on bond paper are shown in Figure 6.10 (a-d). 
 
LP01 series print runs 1-3 comprised of single print runs. LP01-4 comprised of one 
overprint (2 runs). This formulation containing isopropanol and water was found to 
be an inappropriate dispersant for screen printing, resulting in significant bleeding of 
ink around the edges of the defined 1cm 2 print areas, and marked inhomogeneity of 
printed layers, with smearing, flow marks and streaking visible on each printed 
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electrode, and low density or opacity of the layer after printing.  Similar problems are 
reported by Tanaka et al., (2005) for this dispersant. 
 
  
a. LP01-1 b. LP01-2 
  
c. LP01-3 d. LP01-4 (2 runs) 
Figure 6.10 Optical microscopy of LP01 series  
 
The ink formulation used in the LP01 series was too thin/liquid and caused 
agglomerated and very poorly connected islands of the electrocatalyst particles which 
were poorly distributed upon the substrate showing significant lift-off characteristics 
and uneven deposition. This formulation that is usually used for spray coating was 
also unsuitable for use in screen printing as the ink spread outside the printing area 
because of its low viscosity. The formulation used had 5.5 parts of isopropanol to 1 
part of water as solvent (neglecting the isopropanol in the Nafion® solution that was 
kept approximately constant throughout (Table 6.3)).  
 
A single overprint gave more homogeneous results (LP01-4). However, the ink had 
dried considerably between the time taken (<5 min) between the first print and the 
500 µm 500 µm
500 µm 500 µm 
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overprint because the dispersant evaporation (isopropanol) was too rapid, therefore 
print surface coverage was incomplete and irregular.  
 
Thus isopropanol as dispersant was unsuitable as it evaporated too quickly to achieve 
good surface coverage during screenprinting. The volatility of the dispersant 
determined the ease with which the screen printing could be repeatedly overprinted 
with the same ink. As Tanaka et al., (2005) found, the screen-printability of inks 
degraded progressively over time, particularly in the case of the isopropanol-based 
inks. These authors also found that isopropanol had a lowered viscosity under 
increased shear rate, which caused the ink to flow from the openings on the screen 
and spread around the printed area as was observed in LP01 series. 
 
6.4.1.2 LP02 series 
LP02 series were printed using a formulation where isopropanol was substituted with 
1,2 propanediol (99%  Sigma Aldrich Lot S39776-337; Cat No. 13436B) in order to 
increase the drying time of the ink and improve the viscosity. The amount of catalyst 
was doubled with respect to the solvents for all the subsequent samples to further 
increase the ink viscosity compared to LP01 series. This formulation had 
approximately 1 part of water to 5 parts of 1,2 propanediol mass to mass as dispersant 
(molar fraction 1:1.24 of H20:1,2 propanediol). 
 
LP02-1 was printed once (run 1) without overprinting, showing a low ink deposition 
rate. Ink deposition was much improved for this formulation by thereafter 
overprinting the electrode once.  Samples LP02-2 to 4 were each separately 
overprinted once (2 runs). Figure 6.11 shows the replicability in mass increase of 
overprinting of the electrode. 
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Figure 6.11 Replicability of overprinting 
 
The degree of replicability in the mass deposition observed for the overprinted 
samples indicates that it was possible to accurately deposit between 0.006-0.007 g 
over 4 cm2 of substrate. LP02-4 (one overprint (Run 3)) gave a somewhat denser film 
indicating that the dispersant had started evaporating from the ink solution before the 
overprint print could be done, hence it may be necessary to add a humectant to this 
formulation when used in bulk.  
 
For the ink formulation containing 1,2 Propanediol that was used in the LP02 
formulation very little catalyst was deposited in the first run (LP02-1). Merely 0.0003 
g was deposited. The ink formulation used in the LP02 series was visibly drying 
during the time between print and overprint (approximately 5 min) yet this did not 
significantly change the amount of ink deposited during overprinting, which was 
replicable (compare Run 1 (LP02-2), Run 2 (LP02-3) and Run 3 (LP02-4)). The 
difference in the deposited mass measured for 4 cm2 between Print 1 (LP02-1) and 
one overprint (LP02-2) was 0.0063 g; between Print 1 (LP02-1) and replicate 
overprint LP02-2 was 0.0057 g and between Print 1 (LP02-1) replicate overprint 
LP02-3 was 0.0058 g.  The mass % difference between replicate overprinting runs 
(LP02-2, LP02-3 and LP02-4) was within 1% of each other showing good 
reproducibility of the overprinting. The difference in mass between replicated 
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overprinted layers (LP02-4) was an order of magnitude less than the difference 
observed between the first print and the subsequent overprinted layer. The first print 
run (LP02-1) deposited 20 times less catalyst than the subsequent overprinting run. 
The difference in mass observed between the first print and the overprinted layer 
cannot be ascribed to a change in the ink viscosity during the time taken to deposit 
Print 1 and overprint one time. Hence, the inconsistent increase in mass between the 
first print and the subsequent overprinting run indicates that the surface tension of the 
substrate, paper, played a role in the degree of uptake of the ink upon the substrate. 
The first layer merely served to prime the substrate for the subsequent printed 
overlayer. 
 
Optical microscopy with backlighting of series LP02 is presented in Figure 6.12. 
 
a. LP02-1 b. LP02-2 
 
c. LP02-3 d. LP02-4 
Figure 6.12 Optical microscopy of series LP02 
 
The smearing and bleeding observed with the isopropanol formulation (LP01 series) 
is not visible in the overprinted samples of series LP02, which ink formulation 
contained the dispersant 1,2 propanediol, showing that the substitution of isopropanol 
500 µm 500 µm 
500 µm 500 µm 
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and the increase of the solid fraction (doubled) in this ink formulation resulted in a 
significant improvement in the printing quality (SGIA, 2008). Mottling with voids 
and substrate show through effects are still visible in samples LP02-4 which may be 
reduced by overprinting to improve the density (opacity) of the film. Registry of the 
overprinting was exact and no offset, bleeding or jagged edges were observed. 
 
6.4.1.3 LP03 Series  
Figure 6.13 shows optical microscopy images of LP03 series.   
a. LP03-1 b. LP03-2 
c. LP03-3 d. LP03- Nafion 
Figure 6.13 Optical microscopy images of LP03 series 
 
LP03 series were printed using a formulation similar to that used in LP02 series with 
slightly more 1,2 propanediol to adjust ink viscosity slightly to improve screening of 
the ink during overprinting. This formulation had 1 part of water to 7.5 parts of 1,2 
propanediol on a mass to mass basis of dispersant (molar fraction 1:1.77 of H20:1,2 
propanediol). Some smearing of the layer was observed during screening LP03-1 but 
500 µm 500 µm
500 µm 500 µm
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better deposition of the electrocatalyst was achieved in the first print run than was the 
case for sample LP02-1. LP03-2 comprised of two overprints (3 runs) and LP03-3 
comprised of one overprint (2 runs) as at this stage the ink became thicker due to its 
volatility and print quality was better.  
 
The inconsistency found in the deposition indicated that this formulation was still too 
volatile over the duration of the overprinting therefore the ratio of water to 1,2 
propanediol was adjusted further. The LP03 formulation was used for printing on the 
treated Nafion® substrate as a trial run (Figure 6.13 (d)) and it was observed that the 
particulates in the first printed layer on Nafion® showed similar patterns of mottling, 
voids and agglomeration visible on the paper, which were still visible after 
overprinting twice (3 runs). On the Nafion® flow patterning and lift-off smearing of 
the print was also visible. 
 
6.4.1.4 LP04 series  
LP04 series were printed using a formulation where the mass of water was increased 
and that of 1,2 propanediol was decreased in order to improve the wetting of the 
Nafion® sheet during printing and try to minimize the mottling and agglomeration 
observed in series LP03. This formulation had 1 part of water to 2.9 parts of 1,2 
propanediol mass to mass as dispersant (molar fraction 1:0.68 of H20:1,2 
propanediol).  
Figure 6.14 shows optical microscopy images with backlighting of series LP04.  
 
LP04-1 (Figure 6.14(a)) comprised of one print run and showed good coverage but 
slight bleeding was observed around the edges of the print. LP04-2 (Figure 6.14 (b)) 
comprised of two layers (one overprint) and LP04-3 comprised of three layers (two 
overprints) and achieved better coverage and opacity on the paper than was achieved 
in previous series, showing that the higher water content relative to 1,2 propanediol 
(1: 2.9 mass by mass ratio) improved the ink formulation for printing on paper. 
CHAPTER 6 
_____________________________________________ 
 227
  
a. LP04-1 b. LP04-2 
  
c. LP04-3 d. LP04-Nafion three runs 
Figure  6.14 Optical microscopy images of LP04 series 
 
However, this formulation was still not entirely satisfactory when Nafion® was used 
as substrate (LP04-Nafion – Figure 6.14(d)). On the first Nafion® print run 
significant take off effects were observed especially on circular designs of electrodes 
whereas the quality of square design electrode prints were better. The first 
overprinted layer on Nafion®, showed improvement of the printing for square 
designs, whereas the circular electrode designs still showed problematic lift off 
effects. During the second overprint on the Nafion® substrate fairly good surface 
coverage was obtained.  
500 µm 500 µm
500 µm 500 µm
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 In order to view the structure of the 
printed layers Scanning Electron 
micrographs were obtained and the 
image for LP04-3 is shown in Figure 
6.15.  The particulate nature of the 
electrocatalyst can be seen as well as 
the porous nature of the deposited 
film. There is considerable surface 
roughness and in some areas small 
cracks could be observed. 
Figure 6.15 LP04-3 SEM image at 3K  
 
6.4.1.5 LP05 series  
LP05 series were printed using a formulation where the mass of water was further 
increased and that of 1,2 propanediol was decreased with respect to only the liquid 
components of the ink without changing the overall amount of liquid, to improve the 
wetting of the Nafion® sheet during printing. This formulation had 1 part of water to 
1.07 part of 1,2 propanediol as dispersant on a mass to mass ratio (molar fraction 
1:0.25 of H20:1,2 propanediol)), whereas the formulation for LP04 contained 1:0.68 
molar ratio of water to 1,2 propanediol.  Optical microscopy images of Series LP05 
with backlighting are shown in Figure  6.16.  
 
LP05-1  (Figure 6.16(a)) comprised of a single layer that was of a much better quality 
than observed in any of the previous screen printed series. In this sample the screen 
structure is visible with some pin hole defects but the electrode prints showed very 
few lift-off effects. LP05 -2 (Figure 6.16(b)) comprised of 2 layers (one overprint) 
and LP05 -3 (Figure 6.16(c)) comprised of 3 layers  (overprinted twice), all samples 
of which were significantly improved with respect to the surface coverage obtained as 
well as a great improvement in the degree of bleeding and very little mottling or 
agglomeration was noticeable on the paper compared with all other formulations.  
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a. LP05 -1   b. LP05 -2 
 
c. LP05 -3 d. LP05-Nafion – three runs 
Figure 6.16 Optical microscopy images of Series LP05 
 
LP05-Nafion (Figure 6.17(d)) comprised of three layers (two overprints). Although 
the sample comprising of three layers is of better quality than the previous samples 
printed on Nafion®, there is still a degree of mottling and agglomeration visible.  The 
lift-off on the circular electrode design was still apparent whereas the square 
electrode design resulted in a relatively good quality print after three layers were 
deposited. 
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500 µm 500 µm
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In order to view the structure of the 
printed layer Scanning Electron 
micrographs were obtained and the 
image for LP05-3 is shown in Figure 
6.17.  Similar to LP04 series the 
particulate nature of the 
electrocatalyst can be resolved as 
well as the porous nature of the 
deposited film. Once again there is 
considerable surface roughness and 
in some areas small cracks could be 
observed. 
Figure 6.17 LP05-3: SEM image at 2K of Series 
LP05 
 
 
 
6.4.1.6 LP06 Series 
LP06 series were printed using a formulation where the dispersant ratio was similar 
to LP05 with 1: 1.01 H20:1,2 propanediol on a mass to mass basis (molar fraction 
1:0.24 of H20:1,2 propanediol) but about 30 mass % fullerenes relative to the 
electrocatalyst mass were added to the formulation in order to determine the effect, if 
any, on resistivity and electronic characteristics. It was expected that the fullerenes 
would dominate the electronic characteristics of the electrodes. LP06-1 comprised of 
one layer (1 run) and LP06-2 comprised of 3 runs  (overprinted twice). 
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(a)LP06 1 (b)LP06-2   3 runs 
 
 
(c) LP06 –Nafion one run  
Figure 6.18 Optical microscopy images of Series LP06 
 
In the LP06 series the printing of only one layer already gave a homogeneous and 
dense layer of the particulate electrocatalyst on paper (Figure 6.18(a)). Overprinting 
this layer twice created a thick film on the paper substrate (Figure 6.18 (b). The ink 
was however, too paste-like and viscous because of the additional solid phase to 
allow the ink to flow readily upon the Nafion® substrate (sample LP06-nafion) and 
the screen pitch or thread line widths are clearly visible due to lack of gain.  
 
The SEM image of LP06-2 (Figure 6.19) again shows the particulate nature of the 
electrocatalyst as well as the porous nature of the deposited film. Yet again there is 
visible surface roughness but cracking was reduced compared to other formulations. 
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Figure  6.19 LP06-2 SEM image at 3K Figure  6.20 “Fullerenes” as supplied by 
Aldrich 
 
The fullerenes supplied by Aldrich did not appear to have a fullerene crystal 
morphology and the material was significantly agglomerated into large particles 
(Figure 6.20). However, EDS analysis showed that this material was mainly 
composed of carbon. The addition of the fullerenes to the ink increased the solids 
fraction of the ink and appeared to improve the film structure when investigated by 
optical microscopy and SEM. 
 
6.4.1.7 LP07 series 
 
 
Figure 6.21 shows the optical 
microscopy image of the 
electrode LP07-1 screen 
printed on to a silver contact 
preprinted upon paper. The 
arrow indicates the boundary 
of the preprinted silver 
contact. 
Figure 6.21  LP07-1 Electrode screen printed on 
silver contact 
 
 
500 µm
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Three overprints of ink LP07 were screen printed onto prepared paper that already 
had nanoparticulate silver contact strips screen printed for Hall measurements, as can 
be seen in Figure 6.21.  However, print registry between overprints was inexact and 
the catalytic ink did not adhere at all well to the screen printed silver ink contacts. 
The Hall effects were therefore not determined by using silver screen printed 
contacts, but by handpainting silver contacts. 
 
Figure 6.21 shows jagged edges and voids in the electrocatalyst printed layer 
overlaying the silver contact. This result highlights the problem of unsuitable surface 
energy of the substrate or any underlying printed contact.  Thus ink formulations 
would need to be significantly adapted to print directly onto printed conductive silver 
contacts, which fell outside the scope of this study.  
 
 
6.5 ELECTRONIC CHARACTERISTICS OF FILMS 
 
6.5.1 Results and Discussion: Resistivity characteristics 
 
Resistivity and Hall effects were obtained of each printed sample using the method 
specified in Section 6.3.3 to characterize the electronic properties of the films 
containing the particulate nano structured electrocatalyst. IV curve measurements 
gave the following resistance readings (Table 6.5) between each contact pair probed.   
 
For comparison, the resistances of Lydall carbon cloth (6100-300) and a spraycoated 
electrode made with Lydall 6100-300 and JM Pt40/C (used in MEA65 as described in 
Chapter 7) are shown in Table 6.5. Furthermore, the results obtained for CNT paper 
(as described in Chapter 3) and CNT paper coated with Pt nanoparticles using the 
galvanic displacement technique (described in Chapter 4) are also included. 
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Table 6.5 Resistance of screenprinted samples (Units in K Ω unless specified) 
Sample R12,12 R23,23 R34,34 R41,41 
Blank paper (G Ω ) 6.8 12.8 7.5 10.0 
Blank Nafion® (M Ω ) 72.3  253.3 214.9 188.3 
LP02-1 (G Ω ) 5.573 5.017 3.611 4.148 
LP02-2 17.654 74.88M Ω  2.347M Ω  769.18 
LP02-4  11.185 16.338 14.235 8.608 
LP02-Nafion 17.71  8.56 M Ω  9.169M Ω  449.59 
LP03-1  40.118 5.177 M Ω  467.82 M Ω 39.243 
LP03-2  4.724 6.37 7.748 7.567 
LP03-3  4.724 6.37 7.748 7.567 
LP03-Nafion 17.317 58.231 65.973 18.11 
LP04-1  (G Ω ) 2.388 2.838 7.473 7.95 
LP04-2  6.443 11.803 11.976 8.515 
LP04-3  4.398 4.007 3.085 3.251 
LP04-Nafion  5.780 5.502 5.341 6.183 
LP05-1  8.377 7.481 5.835 6.437 
LP05-2  3.045 3.018 3.341 3.217 
LP05-3 1.498 1.379 1.593 1.625 
LP05-Nafion  4.45 6.733 7.814 5.837 
LP06-2  1.715 1.628 1.691 1.692 
LP06-Nafion  19.54 14.143 13.59 111.41 
Lydall 6100300 blank (Ω) 51.5 50.84 51.03 50.75 
Lydall 6100300 S4 (Ω) 50.78 51.52 51.19 50.41 
CNT paper (Ω) 49.57 49.65 49.39 49.30 
CNT paper + Pt (Ω) 60.61 102.23 102.58 61.54 
 
The variability of resistance between contact pairs was not significant for series 
LP04, LP05 and LP06 except for LP06 Nafion where one contact was of poor quality. 
The variation seen in LP01, LP02 and LP03 series in most cases, was attributed to 
poor film quality and not to poor contacts as the contacts were inspected and their 
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quality was acceptable. The resistance of the Nafion® blank (Table 6.5) was 
somewhat lower than the paper sample showing the less insulating nature of this 
substrate. Figure 6.22 shows the resistance of each film sample in each series 
graphically. 
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Figure 6.22 Averaged resistance as a function of number of layers of ink for each 
series printed on paper 
 
Samples LP02-1 and 2 on paper substrates showed excessive resistivity (Figure 6.22) 
which in the case of LP02-1was nearly equivalent to the blank paper sample, thus 
these samples were not characterized further.  LP02-2 had a similar mass loading to 
LP02-4, but the resistivity was much higher. This shows the difficulty of achieving 
reproducible electrical characteristics of films. Catalyst loading is not the only 
variable of significance, the structure of the film contributes significantly to the 
electronic properties of the film. Visual inspection and optical images of the printed 
layers showed that the film obtained in the case of sample LP02-4 was more 
coherent, with fewer void spaces and less mottling than was the case in sample LP02-
2. Hence basing electrode quality on mass loading measurements only is not sound. 
 
In the case of series LP03, the first layer was poorly dispersed and thus highly 
resistive whereas subsequent layers resulted in a significant decrease in resistance, 
showing the importance of film thickness in reducing resistance.  
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All the series showed a lowered resistance trend for each additional printed overlayer 
(Figure 6.22).  This reduction in resistance correlated inversely to the mass of 
electrocatalyst loaded upon the substrate as can be seen in Figure 6.23. The 
correlation between resistance and grams loaded for LP05 series is shown in Figure 
6.23. 
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Figure 6.23 Correlation between resistance and grams loaded for LP05 series 
 
 
Table 6.6 Resistance as a function of loading of electrocatalyst upon substrates 
 Mass (g) cm-2 Ave. Resistance (k Ω )
LP04-1  0.00111 5162250 
LP04-2  0.0020 9.68425 
LP04-3  0.00305 3.68525 
LP05-1  0.00113 7.0325 
LP05-2  0.00183 3.15525 
LP05-3 0.00283 1.52375 
 
Figure 6.23 and Table 6.6 demonstrate that the amount of conductive electrocatalyst 
in the film directly impacted upon the conductivity of the film, since the only electro 
conductive component in the film (and substrate) was the commercial electrocatalyst, 
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composed of Pt on carbon. However, the LP04 series had roughly similar amounts of 
electrocatalyst deposited per unit area for each layer compared to LP05 (Table 6.6) 
yet showed generally much higher resistance, because of poorer print quality. The 
resistivity results for sample LP04-1 were in Gohm (Table 6.5) as this single layer 
was not homogenous or continuous due to poor dispersion and agglomeration of the 
ink upon the substrate as can be seen in Figure 6.14 (a). The resistivity of the 
electrode was significantly lowered by overprinting two successive ink layers there 
after (Table 6.6, samples LP04-2 and LP04-3). 
 
The difference in resistance observed between these two series cannot be ascribed to 
catalyst loading only but also to the print quality and the conductive pathway created 
by adjoining clusters of printed electrocatalyst, which was affected strongly by the 
ink formulation. Hence, no matter how active the electrocatalyst, if the deposition of 
the film on the substrate is substandard, electro activity will be low. 
 
In series LP05, even the first printed layer on non-conductive paper (Table 6.5) had a 
relatively low resistance (below 10 k Ω compared to 100,000 k Ω for other single 
printed layers) showing the benefit of this water rich formulation to form a cohesive 
film. Significantly less mottling and agglomeration was observed because of the 
higher water content and resulted in better catalyst/binder dispersions upon the 
substrate paper even for the first layer printed. The affinity of the water enriched 
formulation for the surface of the substrate was thus improved, showing the impact of 
the interaction of the ink with the substrate.  
 
It is postulated that this effect is due to improved matching of the surface free energy 
of the liquid with that of the substrate. The surface energy of a solid cannot directly 
be measured (Kruss, 2008) but can be determined by contact angle measurement of 
the liquid in contact with the surface considering surface interaction, surface 
reactivity and surface solubility and will be specific to the liquid. The surface tension 
of 1,2 propanediol increases as the concentration of the water in the mixture increases  
(Horibe et al., 1997). 
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As the change in the dispersant ratio in the formulation relates mainly to modifying 
the polarity and surface tension of the mixture incrementally, with an increased water 
content rendering the solution more polar, it is likely that molecular interactions have 
improved between the ink formulation used in this case and the paper substrate 
surface because of liquid/solid surface interactions increasing. 
 
The formulation used for LP06 series showed low resistances for the sample prepared 
on paper and overprinting resulted in an electrode with similar resistances compared 
to LP05, despite the addition of a high proportion of “fullerenes”. The additional  
“fullerenes” appeared to have no significant effect upon the resistance of the 
electrode.  
 
The samples that were printed on paper showed a good correlation between each 
successive overprinted layer thickness and lowered resistance. The first printed layer 
is typically high in resistance, the next overprinted layer reduced the resistance of the 
electrode by orders of magnitude and the third overprinted layer caused the electrode 
resistance to reduce even further. Addition of fullerenes did not apparently affect the 
resistance significantly as the resistance of LP06-2 which contained fullerenes (three 
successive overprinted layers) is similar to the resistance obtained with three layers of 
the ink without fullerenes (LP05-3).  
 
 Comparison of the average resistance of samples prepared on the Nafion® substrate 
(Figure 6.24) shows the large effect of the ink formulation upon the resistance of the 
film. 
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Figure 6.24 Average resistance of samples prepared with Nafion® as substrate 
 
For the samples screen printed upon Nafion® substrates it appeared that the more 
water in the formulation, the better the adhesion and integrity of the film printed upon 
the Nafion® substrate, up to an optimum low resistance achieved in the formulation 
used for series LP04 that used a molar ratio of  1: 0.68 water to 1,2 propanediol. The 
ink formulations and specifically the dispersant type, content and ratios are thus 
shown to have a significant impact upon the electronic properties of the deposited 
film. 
 
The optimum resistance for the paper substrates was achieved with LP05 formulation 
containing a molar ratio of 1:0.25 water to 1,2 propanediol, whereas the optimum 
resistance for the Nafion® substrate was achieved in sample LP04 nafion, with a 
molar ratio of 1: 0.68 of water to 1,2 propanediol, showing how differences in the 
composition of the ink formulation could impact upon the electronic nature of the 
film, depending upon the substrate used.  
 
The films printed on Nafion® did not generally have the lowest resistance compared 
to those printed on the paper substrate, mainly because the films screen printed upon 
Nafion® substrates were generally neither homogenous nor very well dispersed, due 
to the interaction of the ink with the substrate. This shows the significant impact that 
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the interaction of the surface of the substrate with the ink has upon the electrical 
characteristics of the film. The effect is postulated to relate to adhesion energy and 
interfacial tension.  Sample LP06 Nafion showed high resistance for points R41,41 
that was anomalous and could indicate poor contact or damage of the film on the 
electrode between these points, hence this result is merely shown for comparative 
purposes. This sample had been cured at 80º C unlike other Nafion® printed samples 
and the Nafion® had also been heat damaged. Curing would not be possible when 
printing on Nafion® polymer electrolyte membrane because of its heat sensitivity, 
thus formulations that do not require heat curing should be developed. 
 
Spraycoated electrode samples on carbon cloth (as described in Chapter 7) and 
carbon nanotube paper samples were tested for comparative purposes. The resistance 
of samples 6100300 (Lydall carbon cloth 6100-300) and 6100300 S4 (Lydall carbon 
cloth 6100-300 with spraycoated layers of JM Pt40/C namely MEA 65 as is described 
further in Chapter 7) were measured using the Hall measurement system. Both these 
samples showed an order of magnitude lower resistance than the samples prepared on 
paper showing the effect of using a conductive support upon the resistance of the 
composite electrode material. The difference in resistance due to the additional 
spraycoated ink layer cannot easily be discriminated by resistance measurements 
alone when using carbon cloth as substrate. The CNT paper itself had the lowest 
resistance of all the substrates tested (49 Ω). Once the Pt was deposited upon the 
CNT paper using the galvanic displacement technique the resistance increased to an 
average resistance of 81 Ω. 
 
These results show that the film characteristics depended upon the dispersant / water 
ratio in the ink mixture and the type of dispersant used, the film layer thickness and 
morphology as well as the nature of the substrate. Such large changes in the 
resistance of the printed film as was observed in these experiments would have a very 
significant impact on the ohmic drop experienced in a working cell, thus all these 
factors should be taken into account when formulating a screen printing ink and 
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depositing it. Resistance measurements showed some of the electronic properties of 
the films. 
 
6.5.2  Results and Discussion: IV Curve Measurement  
 
Since resistance alone does not fully characterize a material, IV measurements and 
Hall measurements were taken for the above samples. In this section the IV results of 
samples screenprinted on paper and Nafion® as substrate are presented. For 
comparative purposes the Lydall carbon cloth blank (6100-300) and the MEA 65 
cathode electrode (6100300 S4) prepared by spraycoating layers of ink upon substrate 
6100-300 (as is described in Chapter 7) was tested with the Hall measurement system 
and results are shown as well where relevant. Furthermore, the results obtained for 
CNT paper (as described in Chapter 3) and CNT paper coated with Pt nanoparticles 
using the galvanic displacement technique (described in Chapter 4) are also included. 
The galvanic displacement technique was used as an alternative and rapid route to 
depositing Pt upon the GDL substrate without the need for binders, inks or printing. 
 
A comparison of the IV curve measurements for each sample prepared on paper 
substrates are shown in Figures 6.25- 6.30  which depict the voltage obtained under a 
variable applied current from -1.0mA to 1 mA in steps of 100 µA. 
 
6.5.2.1 Series LP02 
The IV curves of series LP02 are shown in Figure 6.25. Samples LP02-1 and 2 are 
not presented due to excessive resistance. At an applied current of -0.001mA a 
voltage of >10 was obtained for both LP02-3 and LP02-nafion electrodes and the film 
on the Nafion® substrate required a significant higher voltage (-17.7V) to achieve a 
current flow of -0.001mA, showing the poor current carrying capacity obtained even 
for overprinted films prepared with this ink formulation on the Nafion® substrate. 
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Figure  6.25  IV curves of series LP02 
 
Although the mass of catalyst deposited upon this series of films prepared on bond 
paper using isopropanol as solvent/dispersant was replicable, the films were not 
homogeneous or continuous and this can be seen in the high resistance and the high 
voltage required, between -18 and -11 V at -1 mA showing low current carrying 
capacity. 
 
6.5.2.2 Series LP03 
The IV curves of series LP03 are shown in Figure 6.26. 
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Figure  6.26 IV curves of series LP03 
 
A high voltage requirement was necessary for LP03-1 because of the poor integrity of 
the first layer of film deposited which resulted in the poor performance observed 
during the linear IV sweep (Figure 6.26). Similar and lower voltage requirements (< 
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10 V at applied current of -1 mA) were obtained for both samples LP03-2 and LP03-
3 during the linear IV sweep.  Better film integrity was obtained both on the bond 
paper with this formulation containing 1,2 propanediol than the previous formulation. 
This resulted in less agglomeration during screen printing. The Nafion® based 
sample LP03-nafion showed a non–linear IV curve with an increasing voltage 
requirement as the sweep progressed from negative values to positive values. This is 
atypical of an IV curve of a conducting material, and could relate to the poor structure 
of the film prepared on this sample.  
 
6.5.2.3 Series LP04 
The IV curves for series LP04 are shown in Figure 6.27 
-15
-10
-5
0
5
10
15
-0.001 -0.0005 0 0.0005 0.001
Current (A)
Vo
lta
ge
 (V
)
LP04-2 LP04-3 LP04-nafion
 
Figure  6.27 IV curves for series LP04 
 
The curve for sample LP04-1 is not shown as this sample showed high resistance. 
The curves for LP04-2 and LP04-3 show the impact of the second overprinted layer 
on the electrical properties of the film. A denser film with fewer voids was obtained 
after overprinting (3 runs) in the case of LP04-3 which significantly improved the 
performance of the film (<-2 V at -1 mA). The Nafion® sample was also overprinted 
(3 runs) yet showed an intermediate performance  (-5 V at -1 mA), as this ink 
formulation did not disperse as well on the Nafion® substrate as on the paper. 
 
6.5.2.4 Series LP05 
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The IV curves for series LP05 are shown in Figure 6.28.  
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Figure  6.28 IV curves for series LP05 printed on paper 
 
Overprinting in the case of the LP05 series incrementally improved the electrode 
performance and LP05-3 showed about -1.5 V at -1 mA, the best performance in the 
series of electrodes prepared on a paper substrate. 
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Figure  6.29 IV curves for LP05-Nafion 
 
The linear IV sweep (Figure 6.29) of each contact set (1,2; 2,3; 3,4; 4,1) in the van 
der Pauw configuration of sample LP05-Nafion showed a sigmoidal IV curve 
particularly for the contact set 4,1. This film sample printed on Nafion® did not show 
perfect surface coverage being non-uniform between contact pair (3,4) and (4,1) thus 
causing high resistance for these contact points, yet this sample gave the best 
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performance of the Nafion® series of samples. Nonlinearity can be attributed to 
defects in contact point number 4. 
 
6.5.2.5 Series LP06  
The IV curves for LP06 series are shown in Figure 6.30. 
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Figure 6.30 IV curves for LP06 series 
 
A comparison of the IV curve measurements (Figure 6.30) for LP06-1 and LP06-2 
show that the performance was similar, with similar voltage (<-2 V at -1 mA) 
obtained as was the case for LP05-3, whereas the performance of the LP06 nafion 
sample was poor, due to poor film integrity as observed by microscopy. Thus there 
was no particular benefit apparent in the IV performance by adding an additional 
fullerene phase to the ink formulation.  
 
Comparison of IV curves for film samples prepared upon paper substrate is made in 
Figure 6.31. 
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Figure 6.31 Comparison of IV curves for film samples prepared upon paper substrate. 
 
Linear IV curves were obtained for films on a paper substrate, with LP02-4 showing 
the highest overvoltage whereas samples LP05-3 and LP06-2 show similarly low 
overvoltage. These two samples also had the lowest resistance. Samples LP03-3 and 
LP04-3 show an intermediate overvoltage. These results show that the best films 
were obtained on paper with the formulations used for LP05 series and LP06 series 
and specifically after 3 overprints. These two samples would require the lowest 
energy input for a current to flow and there was a linear relationship between current 
and voltage for all samples on the paper substrate. 
 
The IV curve measurements for samples prepared on a Nafion® substrate are 
compared in Figure  6.32 which depicts the voltage under a variable applied current 
from -1.0mA to 1 mA in steps of 100 µA. 
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Figure  6.32 IV curves for samples prepared on a Nafion substrate 
 
The Nafion® substrate samples cluster into two groups, namely  the group of LP04-
nafion and LP05-nafion that show a lower overvoltage and thus low potential 
requirement for each applied current and the group (LP02-nafion;  LP03-nafion; 
LP06-nafion) that resulted in significantly higher overvoltage and thus high potential 
requirement for the same current input. These three samples also had significant 
higher resistances (above 10 kOhm) than the other samples. Interestingly the samples 
prepared on the Nafion® substrate in some cases showed a sigmoidal curve during 
the IV measurement which indicates that an energy barrier should be overcome 
before the current can flow. This was particularly noticeable for sample LP03-nafion 
and in this case there was significant agglomeration of the particulates in the ink (see 
Figure 6.13) which could indicate non continuous conductive pathways that impede 
the flow of current, forcing the current to flow through the Nafion® film. 
 
For comparative purposes the IV curves of Lydall carbon cloth blank (6100-300) and 
the MEA 65 cathode electrode prepared by spraycoating layers of catalyst containing 
ink upon substrate 6100-300 (6100300 S4) are shown in Figure 6.33. Furthermore, 
the IV curves obtained for CNT paper (as described in Chapter 3) and CNT paper 
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coated with Pt nanoparticles using the galvanic displacement technique (described in 
Chapter 4) are also included. 
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Figure 6.33 IV curves for samples prepared by spraycoating on a carbon cloth 
substrate 
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Figure  6.34 IV curves for the CNT paper and CNT paper + Pt 
 
The IV curve (Figure 6.33) of the electrode sample MEA65 (denoted 6100300 S4) 
prepared with spraycoating using Nafion® binder and JM Pt40/C is very similar to that 
of the carbon cloth substrate (Lydall 6100300) without ink. The resistance 
measurements of the two samples did not allow the discrimination of the 
characteristics of the film itself separately from the substrate, and neither did the IV 
curve, even though much lower overvoltages (Figure 6.33) were recorded for this 
electrode compared to those prepared on the paper substrate or on Nafion® as 
substrate. The carbon cloth substrate’s conductivity dominated the IV curve. The 
performance of CNT paper (-0.1604 V at 1 mA) and CNT paper + Pt (-0.1604 V at 1 
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mA) also showed very low potential at the applied currents (Figure 6.34). The carbon 
cloth used is slightly more conductive than the CNT paper due to the cross sectional 
area of the carbon cloth fibres and the thickness of the carbon cloth. 
 
Based upon the structure of the electrodes, where R1 represents the catalyst 
containing film and R2 the substrate upon which the film is printed the equivalent 
circuit of an electrode with a film is shown in Figure 6.35 
 
Figure 6.35 Equivalent circuit of printed electrode 
 
It should be considered that  1/Req  = 1/R1+ 1/R2 and thus Req = R1R2/R1+R2. 
When R1<<R2     
R1 becomes negligible and can be neglected in the term R1+R2  
 
Thus  Req = R1R2/R1+R2 can be rewritten as Req = R1R2/ R2 and since R2 cancels, the 
equation can be written as Req = R1.  In the  cases where bond paper, with a far greater 
resistance than the catalyst containing film, is used as substrate to support the film, 
this case exists. Hence the use of the paper substrate for deposition of the film 
allowed the detailed electronic characterization of the structure of the screenprinted 
film by itself. Whereas in the case where the substrate is of equivalent resistance to 
the film the equation Req = R1R2/R1+R2  can be rewritten as Req = R2/2R or Req =R/2. 
Thus it becomes difficult to describe the film by itself when a conductive substrate is 
used to support the film. Hence the substrate chosen as support for the electro 
catalytic film is shown to have a very significant effect on the overall performance of 
the electrode and upon its characterization. From these results it can be concluded 
that the ink formulation, as well as the ink film thickness and the substrate type 
significantly affect the IV relationship and the current density of electrodes prepared 
with either screenprinted or spraycoated films containing the electrocatalyst.  
V 
R1 
R2 
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6.5.3 Results and Discussion: Variable Field Measurements   
 
6.5.3.1 Sheet resistivity  
Sheet resistivity measurements as a function of applied variable magnetic field for the 
different series of screen printed electrodes are presented in Figures  6.36- 6.43. 
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Figure 6.36 Sheet resistivity of LP02-4 (3 runs) compared to blank substrates 
 
As expected the blank substrates, Nafion® and bond paper, had high sheet resistances 
which were reduced significantly by the deposition of a catalytic film by 
screenprinting (LP02-4) upon the paper substrate (Figure 6.36). The sheet resistivity 
was orders of magnitudes higher on both of the blank substrate types than on the 
samples printed with a film of catalytic ink, showing the significant electronic 
pathway provided by the film of catalytic ink, even in the first printing layer (Figure 
6.37), which in this sample (LP03-1) was also not very homogeneous.  
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Figure 6.37 Sheet Resistivity of series LP03 
 
The sheet resistivity of series LP03 (Figure 6.37) decreased for subsequent layers 
once the first layer was overprinted (from 24593 to 3941 Ω cm-2). The lowest 
resistivity for this series was observed in the case of the sample prepared using 
Nafion® as substrate (2158 Ω cm-2). Similar trends are observed in the case of series 
LP04 (Figure 6.38). However in series LP04 the first layer (LP04-1) did not give 
positive values and is thus not presented. 
 
The ink formulation used for LP05 series (Figure 6.39) showed generally lower sheet 
resistivity (584 -2670Ω cm-2) than the formulation applied in LP03 ( 3941-24593 Ω 
cm-2) and LP04 series (1257-4360 Ω cm-2). 
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Figure 6.38 Sheet Resistivity of series LP04  
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Figure  6.39 Sheet resistivity of series LP05 
 
Each successive overprinting showed a decreasing tendency of the sheet resistivity 
which ties in with the degree of electrode surface coverage obtained with this 
formulation for each successive overprint layer. It is interesting that the Nafion® 
substrate LP05-nafion showed an intermediate sheet resistivity (1101 Ω cm-2) which 
relates to the relatively less favourable surface coverage obtained on this substrate 
with this ink formulation. Addition of fullerenes (LP06 series) to this formulation 
further lowered the sheet resistivity (Figure 6.40), hence the fullerenes are shown to 
have a positive impact on sheet resistivity and thus film characteristics. 
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Figure  6.40 Sheet resistivity of series LP06 
 
The sheet resistivity of LP06-1 and LP06-2 was about 300 Ω cm-2 and that of the 
Nafion® supported sample LP06 nafion about 370 Ω cm-2. 
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Figure 6.41 Sheet resistivity of sample prepared on carbon cloth  (Lydall 6100-300) 
 
The sheet resistivity (Figure 6.41) of the electrode sample (6100300 S4; MEA65) 
prepared by spraycoating the typical isopropanol ink formulation upon the Lydall 
carbon cloth substrate (6100 300) was much lower than samples prepared on 
Nafion® or paper substrates and lower than the carbon cloth substrate by itself (0.67 
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vs 0.99 Ω cm-2). This result illustrates that the Hall sheet resistivity measurement is 
able to discriminate the change in sheet resistivity due to the film of electrocatalyst 
deposited upon the carbon cloth during spraycoating, whereas neither resistance 
measurement or IV measurements could distinguish the difference.  The sheet 
resistivity of CNT paper compared to the Pt containing CNT paper prepared by 
galvanic displacement is shown in Figure 6.42. 
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Figure 6.42 Sheet resistivity of CNT paper compared to CNT paper + Pt  
 
The sheet resistivity of CNT paper was  0.35 Ω cm-1 compared to CNT paper + Pt 
which was 3.75 Ω cm-1  thus a small increase in sheet resistivity was observed when 
the Pt was incorporated in the CNT paper. The use of a highly electroconductive 
substrate thus had a significant effect upon lowering the overall sheet resistivity. The 
applied magnetic field did not cause significant fluctuations in the sheet resistivity for 
any samples, but the carbon cloth and CNT substrates showed the lowest fluctuations 
in overall sheet resistivity under the applied field overall. 
 
6.5.3.2 Sheet carrier density 
Sheet carrier density as a function of magnetic flux for each series of screen printed 
electrodes is presented in Figures 6.43- 6.50. 
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Figure 6.43 Sheet carrier density of LP02-4 (3 runs) 
 
The sheet carrier density for the blank bond paper and Nafion® substrates are low 
and were significantly improved by even the poorest film (LP02-4) screenprinted 
upon the paper. 
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Figure  6.44 Sheet Carrier Density of Series LP03 
 
The sheet carrier density was significantly improved by the films of catalytic ink 
applied in series LP03. The first printed layer was inhomogeneous and its carrier 
density is lower than the samples that were overprinted (LP03-2 and LP03-3). The 
poor surface coverage obtained in the case of the sample backed with Nafion® 
substrate is visible by the lower sheet carrier density obtained in this case. 
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Figure  6.45 Sheet Carrier Density of Series LP04 
 
Sheet carrier density of electrodes improved with each successive overprint on 
samples with a paper substrate in series LP04. The formulation of ink used to print 
series LP04 resulted in a higher carrier density than was the case in the LP03 series.  
Once again the sample prepared with a Nafion® substrate showed an intermediate 
sheet carrier density. This can be explained by the relative inhomogeneity of the 
Nafion® printed films. 
 
The sheet carrier density of all paper backed electrode samples prepared in Series 
LP05 (Figure 6.46) showed an improved sheet carrier density compared to the 
previous series once again showing the effect of the ink formulation upon the 
dispersion and homogeneity of the film on this substrate. However, this formulation 
did not result in an exceptional sheet carrier density for the electrode prepared using 
Nafion substrate, and results showed that the formulation for Nafion® substrates may 
require further optimization. 
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Figure  6.46 Sheet Carrier Density of Series LP05 
 
Lower results were observed when fullerenes were added to this formulation printed 
on Nafion® thus the addition of an additional conductive phase to the ink did not 
improve the sheet carrier density (Figure 6.47). 
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Figure 6.47 Sheet Carrier Density for Series LP06 
 
The sheet carrier density was relatively independent of the applied magnetic field as 
no significant deviation was observed, for samples prepared on paper and on 
Nafion® substrates. However this was not the case where carbon cloth was used as 
substrate (Figure 6.48), where a significant fluctuation can be observed above 6000 
G. 
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Figure 6.48 Sheet carrier density of sample prepared using carbon cloth as substrate 
 
The sheet carrier density of the electrode sample (6100300 S4; MEA 65) prepared by 
spraycoating a film of electrocatalyst on Lydall carbon cloth (6100 300) was in the 
same order of magnitude as samples of film prepared by screenprinting on paper.  
This measurement did not discriminate the separate contribution of the film as 
opposed to the substrate itself in the case of the conductive carbon substrate which 
was also the case in the CNT paper and CNT + Pt samples (Figure 6.49).   
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Figure 6.49 Sheet carrier density for CNT paper and CNT paper + Pt 
 
In the case of the CNT paper and Pt containing CNT paper shown in Figure 6.49, the 
sheet carrier density was generally similar and of the same order of magnitude as the 
carbon cloth samples and paper samples thus neither of the conductive substrates 
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made a significant difference to the sheet carrier density characteristics overall. An 
anomalous fluctuation was observed in the case of the CNT+Pt sample during the 
application of the magnetic field and this may be due to instability caused by 
mechanical movement or displacement of the Pt particles relative to the CNT under 
the applied magnetic field. The galvanic displacement method deposited not only Pt 
but other metals from the sacrificial anode, the presence of which metals may have 
caused a magnetic interaction.  These results show that the hall measurement system 
accurately determined sheet carrier density for the films supported on paper, and that 
the film consisting of the Pt electrocatalyst and Nafion®,  by itself functioned as main 
carrier, whereas when carbon cloth or CNT was used as substrate the substrate also 
acted as carrier. 
 
6.5.3.3 Sheet Hall Coefficients 
The average Sheet Hall Coefficients of the film samples are tabulated in Table 6.7 
and the dominant carrier is shown for each case. As the Sheet Hall Coefficient is 
reduced and values approach zero or become negative the sheet becomes more 
electro-conductive. 
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Table 6.7 Average Sheet Hall Coefficient (cm² C-1) 
Sample Average Sheet Hall 
Coeficient [cm² C-1] 
Dominant carrier 
Bond paper blank 2.76E+09 p 
Nafion blank 2.50E+08 p 
LP03-1 326000 P 
LP03-2 52.1 P 
LP03-3 1020 P 
LP04-1 72400 P 
LP04-2 157 P 
LP04-3 5.7 P 
LP04-nafion 11200 P 
LP05-1 66.5 P 
LP05-2 -66.9 N 
LP05-3 -84.5 N 
LP05-nafion 724000 P 
LP06-1 -14 N 
LP06-2 8.22 P 
LP06-nafion -5370000 N 
6100300 -3.24 N 
6100300 S4 -3.29 N 
CNT paper -1.383 N 
CNT paper + Pt 1.372 P 
 
Table 6.7 shows that generally as film characteristics improved on the paper 
substrates the positive Sheet Hall Coefficient was lower and conductivity became 
dominated by n-type carriers (electrons) whereas when film integrity was not good, 
p-type carriers (holes or positive ions) dominated the conductivity.  It appears that p 
type carriers dominate when the main connection is the Nafion® binder soaking the 
paper between catalyst agglomerates, whereas the n –type dominate where good 
connectivity between catalyst particles was found. 
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Figure 6.50 The decreasing trend in p-type carriers for LP04 series 
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Figure 6.51 The Sheet Hall Coefficients of samples with n-type carriers 
 
Improving the characteristics of the film layers containing the electrocatalyst, reduced 
the positive Sheet Hall Coefficient significantly and promoted n- type carriers. This is 
demonstrated in the case of the LP04 series shown in Figure 6.50. The LP04 series 
(Figure 6.50) showed a consistent decreasing trend (several orders of magnitude) in 
positive Sheet Hall Coefficients with improvement of film characteristics. High 
positive Sheet Hall Coefficient values could indicate entrapment of the carriers in the 
unconnected or poorly connected agglomerates of the films observed in the case of 
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LP04-1 and -2 respectively. The paper supported samples (LP05 and LP06) with the 
best film characteristics upon visual inspection in terms of good dispersion and 
homogeneity as well as in terms of IV, sheet resistance etc, were predominantly n-
type carriers as is shown in Figure 6.51. Some samples switched from p- type carriers 
to n – type carriers with improving film characteristics, notably series LP05. It is not 
clear why this switch should be observed in series LP06 as these films, containing 
fullerenes were well connected and homogeneous overall. 
 
The CNT paper sample switched from n- to p-type carrier upon deposition of the Pt, 
indicating that electron conduction changed to hole conduction upon deposition of the 
Pt. This is a unique result and should be further investigated. It is possible that Pt 
becomes a site for carrier recombination, thus the Pt may capture the charge carriers 
and build up a charge as it can easily take up the charge but cannot transfer it further 
via a chemical reaction due to the lack of reactant in the experimental system. This 
may be indicative of quantum confinement of carriers in the nanoparticles of Pt 
dispersed upon the CNT (Oncel et al., 2005). 
 
The carrier densities of Nafion® based samples should not be compared directly to 
that of the best samples prepared on the paper substrate which generally were 
dominated by n-type (electron) carriers because of the different characteristics of the 
proton conducting substrate. It is not clear whether the physical carrier is a positive 
charge in the case of Nafion® substrate samples thus the carriers may be holes or 
protons. The carrier types for the Nafion® substrate based samples (Table 6.7) were 
p-type carriers except in the case of LP06-nafion which was dominated by n-type 
carriers. This difference may be due to the addition of the conductive phase of 
fullerenes that was added to this sample and should be further investigated. The 
addition of a conductive phase to films printed upon the Nafion® substrate may thus 
enhance the electron charge transfer. The Nafion® samples’ sheet carrier density 
(Section 6.5.3.2) appears lower than the paper substrate samples because they mostly 
had p-type carriers, which are less mobile than electrons.  
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N-type carriers , which are normally found in metallic conductors, allow the transfer 
and flow of electrons. In the cases where p-type carriers dominated it may be that the 
electron flows were impeded due to lack of connectivity between catalyst particles. 
Adequate connectivity between catalyst particles or agglomerates would be required 
for a percolation pathway threshold. An optimum distribution and density is required 
for continuous electronic contact. 
 
6.5.3.4 Hall Mobility 
Hall mobility as a function of magnetic flux for each series of screen printed 
electrodes is presented in Figures 6.52- 6.57. 
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Figure  6.52 Hall mobility of LP02-4 (3 runs)  
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Figure 6.53 Hall Mobility of Series LP03 
CHAPTER 6 
_____________________________________________ 
 264
0.0001
0.001
0.01
0.1
1
10
100
1000
10000
0 2000 4000 6000 8000 10000
Field [G]
H
al
l M
ob
ili
ty
 [c
m
2/
(V
S)
]
paper blank nafion blank lp04-1 lp04-2 lp04-3 lp04-nafion
 
Figure 6.54 Hall Mobility of Series LP04 
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Figure 6.55 Hall Mobility of Series LP05 
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Figure 6.56 Hall Mobility of Series LP06 
 
Hall mobility indicates the possible pathways for the charge carriers to move and 
gives an indication of the length of the carrier pathway before recombination in the 
case of holes. The hall mobility (Figures 6.52- 6.57) was significantly affected by the 
substrate type and Nafion® as substrate caused significant hall mobility whereas the 
hall mobility was orders of magnitude lower for paper and paper based electrodes. 
The lowest hall mobility was observed in the case of the LP06 series which had the 
fullerenes added as additional component to the ink formulation. The hall mobility 
did not correlate well with film thickness and overprinting did not result in a 
significant difference in hall mobility. In fact the blank substrates showed the greatest 
hall mobility compared to the respective printed electrodes, which indicates that the 
hall mobility is a function of the substrate characteristics, which dominated the effect. 
Fluctuations in the hall mobility were observed under the applied magnetic field but 
this was variable and did not correlate directly or inversely to the applied field. The 
mobility of carriers was independent of film thickness. 
 
6.5.3.5 The effect of Nafion substrate 
The hall mobility, sheet resistivity and sheet carrier density for electrodes on 
Nafion® substrate are presented in Figures 6.57- 6.59. 
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Figure  6.57 Comparison of Hall mobility of samples screenprinted on Nafion® 
substrate  
 
The Hall mobility of samples was independent of film layer thickness but was 
dominated by the substrate in the case of Nafion® supported electrodes, except in the 
case of the LP04-nafion that showed low hall mobility. This sample was also the 
Nafion® – based sample with the highest sheet carrier density and lowest sheet 
resistivity. 
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Figure  6.58 Comparison of sheet resistivity of samples screenprinted on Nafion® 
substrate  
 
The Nafion® supported electrodes  generally had similar sheet resistivity (Figure 
6.58) despite the different ink formulations that were applied, except in the case of 
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LP02-nafion and the ink formulation which had fullerenes added, in which case the 
sheet resistivity was increased significantly. 
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Figure 6.59 Sheet carrier density of samples screenprinted on Nafion® substrate 
compared 
 
Differences were observed in sheet carrier density of samples screenprinted on 
Nafion® (Figure 6.59). The sheet carrier density of the ink formulation used in series 
LP04, when printed on Nafion® substrate, resulted in the highest sheet carrier 
density, followed by that of the formulation used in series LP05, whereas the sheet 
carrier density for the formulation used for LP02-nafion was the lowest. These results 
indicate that the composition of the ink formulation and thus the relative ratio of the 
solvents used, had a discernible impact upon the functionality of the resultant 
Nafion® supported electrode, because of the film morphology.  
 
6.5.3.6 The Hall mobility of conductive substrates 
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Figure  6.60 Hall mobility of Carbon cloth based samples  
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Figure  6.61 Hall mobility of CNT based samples 
 
The Hall mobility of the CNT based electrode samples (Figure 6.61) were in the same 
order of magnitude as those of the carbon cloth samples (Figure 6.60) and the Hall 
mobility of both these series was between one and two orders of magnitude higher 
than the films supported on the paper substrates, but generally lower than those 
samples prepared on the Nafion® substrate. It is interesting to observe that deposition 
of Pt upon CNT reduced the overall hall mobility, which once again may indicate the 
role of Pt as a recombination site and supports the possibility of quantum 
confinement of charge carriers by Pt nanoparticles (Oncel et al., 2005). 
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6.6 RHEOLOGICAL CHARACTERISTICS OF INKS 
 
Screen printing of inks used in this study was performed at high shear rate of about 
2000 reciprocal seconds, with a short contact period between ink and substrate. To 
correlate rheology with the application it is interesting to measure viscosity at high 
shear rates. On the other hand, the yield stress related to final printing quality is 
measured at very low shear rates. 
 
Viscosity of a liquid is a measure of its resistance to flow, and this is measured in N s 
m-2 (SI Units) or poise (P) or centipoise (cP). The viscosity of water depends on 
temperature. At 20 °C the viscosity of water is 1.002 cP (1 P = 0.1 N s m-2 ;  1 cP = 
0.001 N s m-2). Its viscosity decreases as the temperature increases. The viscosity of 
Propylene glycol (1,2 propanediol) is 0.581 cP at 20 °C, (Cyberspace Chemistry, 
2008). 
 
In Newtonian fluids, the stress is linearly proportional to the strain rate.  Non-
Newtonian fluids have a non-linear response to the strain rate and the relationship 
between stress and strain depends on time, thus their viscosity is not constant but 
dependant on shear rate. Their effective stiffness depends on the rate of application of 
the load. Viscoelastic substances lose energy when a load is applied, then removed. 
Viscoelastic materials have an elastic component and a viscous component and 
viscoelasticity is due to a molecular rearrangement (Viscoelasticity, 2008). In the 
case of viscoelastic material hysteresis is seen in the stress-strain curve and stress 
relaxation occurs.  
 
The viscosity in the printing stage should not be too low but at the same time it 
should not be too high. Too low a viscosity can cause penetration of ink into the 
substrate giving a 'blurred' impression. Too high a viscosity causes flow instabilities 
during printing, which can result in uneven printing as well as bad coverage. The 
effects of solvent type and solids loading on yield stress and viscosity was determined 
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for the ink formulations used in screen printing catalytic particles upon various 
substrates. The following results show the effect of different formulations on the 
rheological behaviour of the ink.  From the shear stress versus shear rate curve, the 
yield stress can be obtained which determines the processability and storage stability 
of the ink sample.     
 
Samples LP0 1 and LP0 10 were compared at the same liquid to solid (L:S) ratio with 
different solvents (isopropanol vs 1,2 propanediol respectively) to understand the 
effect of changing the solvent on the rheology of the ink. Ink sample LP0 5 was 
compared with LP0 11 to understand the effect of changing the L:S ratio (6:1 vs 
14:1). LP0 10 and LP0 11 were compared to understand the effect of the solvent to 
water ratio (5:1 vs 1:1 respectively). These two samples were prepared for the 
rheological experiments but were not used during screenprinting. A standard Pt 
printing ink (Pt ink for ceramic substrates; stock# 43653; supplied by Alpha Aesar) 
was compared for reference. The viscosity of the inks was compared (Figure 6.62). 
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Figure 6.62 Viscosity of screenprinting formulations compared to a standard Pt ink 
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In Figure 6.62 a comparison of the shear stress (τ) vs shear rate (γ) curves of ink 
samples is presented. 
 
Figure 6.63 Comparison of the shear stress (τ) vs shear rate (γ) curves of ink samples  
 
 
A very low viscosity (Figure 6.62) was observed in the case of LP0 1, containing the 
solvent isopropanol. Replacing the solvent isopropanol (LP0 1) with 1,2-propanediol 
(LP0 10) increased both the viscosity and the apparent yield stress of the ink at the 
same solids loading, improving the structure of the ink.  Changing the solvent to 
water ratio for the same solvent (1,2 propanediol) had no effect on the viscosity (LP0 
10 compared with LP0 11 in Figure 6.3).  Increasing the solids loading (LP0 5 
compared with LP0 11) increased the viscosity (Table 6.8 and Figure 6.2) and the 
yield stress (Figure 6.3) of the ink indicating an improvement in the structural 
strength of the ink compared to the formulation containing isopropanol.  This was 
also confirmed by the higher values obtained for the elastic modulus (Figure 6.64) 
which shows the viscoelastic behaviour of these two inks with the elastic modulus 
(G') as a function of shear stress (τ). 
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Figure 6.64 Viscoelastic behaviour of inks: elastic modulus (G') as a function of shear 
stress (τ)  
 
The longer linear viscoelastic region for LP0 5 extends to higher shear stresses (2 Pa) 
than LP0 11 (0.3 Pa), indicating a more homogeneous structure. LP0 5 with a higher 
solid loading but the same solvent had a higher level of structure than LP0 11, 
indicated by the higher values obtained for the elastic modulus (Figure 6.64).  A more 
finely dispersed system resulted in a longer linear viscoelastic region which was 
observed in the case of LP0 11.  
 
A higher degree of viscoelasticity will produce a better printing quality. Greater 
interaction between the particles gives a higher viscosity and viscoelasticity. 
Indications of these interactions could be observed at low frequencies, by monitoring 
the elastic modulus.  The level of structure is directly proportional to the elastic 
modulus, G' (Chhabra & Richardson, 1999).  For non-agglomerated ink samples, the 
elastic modulus would be lower indicating less strength in the interactions but when a 
higher value of the critical strain is observed, this would show that the ink sample 
was more homogeneous and therefore more stable. Agglomeration is indicated by an 
increase in elastic modulus, G', and a decrease in the critical strain. High 
agglomeration leads to bad printing quality. Therefore, for non-agglomerated 
samples, the elastic modulus would be lower indicating less strength in the 
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interactions but when a higher value of the critical strain is observed, it shows that the 
sample is more homogeneous and therefore more stable. LP05 had a higher degree of 
viscoelasticity as well as a higher value of critical strain showing this formulation’s 
homogeneity as well as stability.  
 
Plotting the elastic (or storage) modulus (G') as a function of shear stress (Pa) (Figure 
6.65) showed that for the samples made with the same L:S ratio but different type of 
solvents (LP0 1 and LP0 11), G' is the same, but G'' (loss modulus) is quite different. 
In Figure 6.65 the storage modulus (G') is plotted vs strain (x-axis) and G'' (secondary 
y axis) for ink samples LP0 1 and LP0 11 in which the solvent : water ratio varied 
between 5:1 and 1:1 respectively at a L:S ratio of 14. LP0 4 and LP05 are included 
for comparison as these inks gave the best print quality. 
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Figure 6.65 Storage modulus (G') plotted vs strain for ink samples LP0 1 and LP0 11 
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The loss modulus G'' is plotted on the secondary y axis. As G' was higher than G'' in 
all cases, the elastic behaviour dominated the viscous behaviour. The crossover points 
between G' and G'' for each of the different formulations are shown in Table 6.8 and 
the viscosity in Table 6.8 and Figure 6.65.  
 
Table 6.8 Viscoelastic crossover points (G' vs G'') and viscosity of ink formulatons 
Ink formulation G' (y-axis) Strain (x-axis) Viscosity  
(η at 0.1γ) 
Viscosity  
(η at 100γ) 
LP0 1 3.9 6.4 1.2 0.01 
LP0 4 84.7 3.2 100 0.13 
LP0 5 224 1.6 100 0.15 
LP0 11 3.9 13.0 10 0.08 
Standard reference Pt 
ink 
  ~10 (by 
extrapolation
0.12 
 
The storage modulus (G') for LP0 4  and LP0 5 was 84.7 and 224 respectively (Figure 
6.65) whereas that of the isopropanol based ink LP0 1 had a storage modulus of only 
3.9. Energy losing materials display irreversible behaviour. LP0 1 had the lowest 
overall viscosity and a low G'. This may be why, after this ink was sheared during 
screen printing, it flowed outside the printed area. On the other hand the inks 
containing 1,2 propanediol (LP0 4, LP0 5 and LP0 11) showed higher viscosity and 
shear dependant and reversible storage behaviour visible by the reversible inflections 
in G'' curves and thus were quite elastic, indicating a breaking of the agglomerated 
structure under shear and then a reagglomeration of the particles when the shear is 
removed. G'' is a function of the deformation energy used up in the sample during the 
shearing process. This energy is either lost to the sample afterwards by changing the 
structure of the sample permanently or is dissipated as heat (Mezger in Zorll, 2002). 
The storage modulus is also a measure of the energy stored in the shearing process 
and when the shear force is removed this energy is available as a driving force 
causing re-agglomeration of particles.  
 
Hence structural decomposition after shearing (thixotrophy) was observed for the ink 
prepared using isopropanol (LP0 1) whereas structural regeneration (rheopexy) was 
observed for the ink formulations containing 1,2 propanediol (LP0 4, LP0 5 and LP0 
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11). It is also noteworthy that a difference in G' exists between the formulation used 
for LP0 4 and LP0 5. LP0 4 formulation was more suitable for printing on Nafion® 
whereas LP0 5 formulation gave the best coverage on paper substrates. 
 
A high yield stress as well as viscoelasticity which is correlated with high solids 
content in sample LP05 is preferable for inks, as the higher solids content creates a 
more structured material which will result in precise, quality printing. The higher 
solids content provides higher structural strength and therefore the plateau of the 
amplitude sweep dependence continues to higher stresses for this sample. 
 
The difference in the G'' values (at the same G' value) can be understood if one bears 
in mind that G' is related to the solid phase and G'' to viscosity of a liquid phase. 
Therefore by changing the solvent the G'' values could be controlled.  For practical 
application, viscosity (and G'') should be low enough for high fluidity of inks but still 
high enough for the printed layer to be stable on a substrate (higher yield stress that 
correlated with G'). 
 
The optimum ink formulation had a ratio of between 3 - 1 : 1 of 1,2 
propanediol:water, a liquid: solid ratio of between 6-8:1 and a storage modulus (G') 
of between 84 and 224. Reversible viscoelastic behaviour of inks correlated with 
good print quality. Rheological determination of ink formulations is thus 
demonstrated to give good predictive information of the printability of an ink upon 
paper, but formulations would require further optimization depending upon the 
surface energy of the substrate type chosen. 
 
6.7 CONCLUSIONS 
 
Screen printing a nanophase containing catalytic ink is shown to be reproducible. 
Each electrode of 1cm2 increased by approximately 0.001 -0.0015 g with each 
successive overprinted layer using the screenprinting technique as a means to directly 
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and rapidly deposit a catalytic ink upon a substrate. Accurately depositing a specified 
amount of electrocatalyst per unit area of substrate in a uniform, homogeneous and 
well dispersed manner required optimization of the ink formulation. Homogeneity 
was dependent upon the substrate type as well as the ink formulation. Significant take 
off effects were observed especially on circular designs of electrodes whereas the 
square design electrode prints were of more consistent quality.  
 
Different ink formulations were suitable for printing upon specific substrates but ink 
formulations suited for spray coating were not suitable for screen printing. The 
volatility of the solvent determined the ease with which the ink could be repeatedly 
overprinted. Low viscosity of isopropanol based inks during screenprinting causing 
bleeding and agglomeration and also caused too rapid drying of ink in between 
successive print runs. In this study variation of the solvent played the major role in 
ink viscosity. Substitution of isopropanol with 1,2 propanediol resulted in an 
improvement of viscosity, which was tailored by increasing the amount of water and 
solids in the formulation. The surface tension of the substrate played a role in the 
degree of uptake of the ink upon the substrate.  
 
The optimum ink formulation had a ratio of between 2.9 -1.0 : 1 of 1,2 propanediol to 
water as solvent.  These ink formulations were more appropriate for printing on 
Nafion® substrates and less agglomeration was observed because of the higher water 
content and resulted in better catalyst/binder dispersions even for the first layer 
printed, as well as better deposition on the Nafion® substrate. The samples that were 
printed on paper showed a good correlation between each successive overprinted 
layer thickness and lowered resistance. The first printed layer was typically high in 
resistance, the next overprinted layer reduced the resistance of the electrode and the 
third overprinted layer caused the electrode resistance to reduce even further. 
Addition of fullerenes did not apparently affect the resistance significantly.  
 
As the change in the dispersant ratio in the formulation relates mainly to modifying 
the polarity and surface tension of the mixture incrementally, with an increased water 
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content rendering the solution more polar, it is likely that molecular interactions were 
improved between the ink formulation used and the paper substrate surface because 
of liquid/solid surface interactions increasing. 
 
Variable Field Hall measurement showed that the film characteristics depended upon 
the solvent used as well as the printed layer thickness and the nature of the substrate. 
The sheet resistivity was orders of magnitudes higher on both of the blank substrate 
types than on the samples printed with a film of catalytic ink, showing the significant 
carrier pathway provided by the film of catalytic ink, even in the first printing layer, 
even though that was generally not very homogeneous. Each successive overprinting 
showed a decreasing tendency of the sheet resistivity which correlated with the 
degree of electrode surface coverage. The use of an electro-conductive substrate had 
a significant effect upon lowering the sheet resistivity. The substrate chosen as 
support for the electrocatalytic film was shown to have a very significant effect on the 
overall performance of the electrode. The difference in resistance observed could not 
be ascribed to catalyst loading only but also to the print quality and the conductive 
pathway created by adjoining clusters of printed electrocatalyst, which was affected 
strongly by the ink formulation. Hence, no matter how active the electrocatalyst, if 
the deposition of the film on the substrate is substandard, electro activity will be low.  
Films screen printed upon Nafion® substrates were generally neither homogenous 
nor very well dispersed, due to the interaction of the ink with the substrate. This 
shows the significant impact that the interaction of the surface of the substrate with 
the ink has upon the electrical characteristics of the film. The effect is postulated to 
relate to adhesion energy and interfacial tension (Hartland, 2004; Pourdeyhimi et al., 
2007; Britton et al, 2007). 
 
The hall mobility did not correlate well with film thickness and overprinting did not 
result in a significant difference in hall mobility. In fact the blank substrates showed 
the greatest hall mobility compared to the respective printed electrodes, which 
indicates that the hall mobility is a function of the substrate sheet resistivity, which 
dominated the hall mobility. The ink formulation used in series LP04, when printed 
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on Nafion® substrate, resulted in the highest sheet carrier density, followed by that of 
the formulation used in series LP05. The addition of a conductive phase to films 
printed upon the Nafion® substrate may enhance the electron charge transfer 
significantly. These results indicated that the composition of the ink formulation and 
the relative ratio of the solvents used, had a discernible impact upon the functionality 
of the resultant Nafion® supported electrode, because of the film morphology. 
 
Generally, as film characteristics improved on the paper substrates, the Sheet Hall 
Coefficient was lower and conductivity became dominated by n-type carriers 
(electrons) whereas when film integrity was not good, p-type carriers (holes) 
dominated.  Improving the characteristics of the film layers containing the 
electrocatalyst, reduced the positive Sheet Hall Coefficient significantly and 
promoted n-type carriers. 
 
Rheological determination of ink formulations gave good predictive information of 
the printability of an ink upon paper. Increasing the solids loading and changing the 
solvent  increased the viscosity, and the storage modulus (G') of between 84 and 224 
and viscoelastic behaviour of inks correlated with good print quality. Formulations 
would require further optimization depending upon the surface energy of the 
substrate type chosen. 
 
This study demonstrated that the film characteristics depended upon the dispersant / 
water ratio in the ink mixture and the type of dispersant used, the film layer thickness 
and morphology of the film formed as well as the nature of the substrate. Such large 
changes in the characteristics of the printed film as was observed in this study would 
have a very significant impact on the ohmic drop experienced in a working cell, thus 
all these factors should be taken into account when formulating and optimizing a 
screen printing ink and depositing it upon a substrate. 
 
 
CHAPTER 7 
_____________________________________________ 
 279
 
7. MEMBRANE ELECTRODE ASSEMBLIES FOR SPE 
ELECTROLYZERS 
 
In this chapter the technological optimization of a solid polymer electrolyzer is 
studied using commercial materials. 
 
7.1 INTRODUCTION  
 
In about 1929 Bacon built a demonstration fuel cell consisting of porous nickel 
electrodes and is credited with creating a stable three phase reaction zone of 
electrode, gas, and electrolyte. In 1957 Grubb reported that the liquid electrolyte in a 
gas diffusion electrode (GDE) could be replaced by a solid, ionically conductive 
polymer to form electrode-electrolyte assemblies consisting of porous electrodes and 
ionically conductive polymers. These electrode assemblies that incorporate a gas-
liquid-solid interface into the electrode element using a solid polymer electrolyte 
thus eliminate the liquid electrolyte and can be applied in various electrochemical 
processes. The electrolytic production of pure hydrogen and oxygen is possible 
through a solid polymer electrolyte assembly where an ion-exchange membrane such 
as DuPont's Nafion® is the electrolyte. These assemblies are called either membrane 
electrode assemblies (MEA), or solid-polymer electrolyte (SPE), or proton exchange 
membrane (PEM) which terms refer to the use of an ionically conducting membrane 
as an integral element in a device (De Castro, 1996).  
 
Water electrolysis in a SPE cell possesses certain advantages compared with the 
classical alkaline process such as increased energy efficiency and specific production 
capacity and a simple system with a solid electrolyte operating at a low temperature. 
The cell resistance of the SPE system including the MEA can be as low as 0.075 
Ohm in ultra pure water. On the other hand the relatively high resistance (about 0.2 
Ohm) for alkaline systems limits the output of alkaline cells to about 1A cm-2, since 
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above this current density the ohmic drop becomes high. The specific energy 
consumption of the SPE electrolyzer has been reported as 4.1 kWh Nm-3 - H2 at 1 x 
104 Am-2 which is better than the typical specific energy consumption of 5 kWh Nm-3 
-H2 for an alkaline electrolyzer (Kondoh et al., 2000). A commercial system analysed 
by Ivy et al., (2004) had a system efficiency  of  73%. 
 
This study is limited to the optimization of the SPE electrolyzer MEA using 
commercial benchmark electrocatalysts. Requirements were investigated for 
membrane electrode assemblies for SPE systems and prototype SPE electrolyzer 
operation including the selection of components and optimizing the system. In this 
chapter the choice of components, as well as the working conditions of the MEA 
were explored. Choices were made of substrates and supports that could be used as 
gas diffusion layers for the anode and the cathode. Furthermore, different anode and 
cathode catalysts were investigated which were processed in the form of micro-
emulsions using the most suitable binders and applied to the gas diffusion layers or 
alternatively to the polymer electrolyte membranes. Conditions were evaluated to 
assemble the MEA and form the composite electrodes. The operational issues of a 
working module such as temperature, flow rate, moisturization, gas evolution, and 
insulation were also examined. Impediments for durability and stability and issues of 
reproducibility were addressed for scaleability and modularization. 
 
7.2 OVERVIEW OF SPE ELECTROLYZER SYSTEMS 
 
General Electric Co. developed the first electrolyzers using polymer membranes as 
electrolyte in 1966 for space applications (Davenport et al., 1991). Extensive 
research and development on solid polymer electrolyte (SPE) or otherwise named 
polymer electrolyte membrane (PEM) electrolyzers has been performed over the last 
several decades. The company ABB developed the commercial Membrel electrolyzer 
in the period 1976/1989 (Stucki and Scherer, 1998). Two units of 100 kW were 
tested over the longer term with an average voltage 1.75 V at 1 A cm-2 and 80 °C. 
Within the Japanese WE-NET program a cell voltage of 1.68 V at 1 A cm-2 was 
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obtained on a single cell of 50 cm2 at 80 °C. The goal of the WE-NET programme is 
to construct a worldwide energy network for effective supply, transportation and 
utilization of renewable energy using hydrogen (Mitsugi et al., 1998).  
 
A schematic of a typical membrane electrode assembly for an electrolyzer is shown 
in Figure 7.1. 
 
Figure 7.1 Schematic of membrane electrode assembly for the SPE electrolyzer 
 
The main working components of the membrane electrode assembly (MEA) are (i) 
the gas diffusion layers, and (ii) the catalytic layers, which are layered on both sides 
of the (iii) polymer electrolyte membrane. This assembly is clamped and sealed 
between the current collectors serving as anode and cathode that are connected to an 
external circuit, across which a working potential is applied to polarize the 
electrodes. Ultra pure water is typically fed only to the anode side as reactant and 
also serves to remove the O2 evolving during electrolysis. Water can be fed on the 
cathodic side to keep the MEA evenly moisturized and to act as a medium to remove 
the H2 gas that evolves during electrolysis and prevent its build-up.  A schematic 
comparison of the fuel cell and the electrolyzer functionality is presented in Figure 
7.2. 
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Figure 7.2 Schematic representation of PEM water electrolyzer and a fuel cell 
(Barbir, 2005)  
 
It is possible to reverse the direction of the electrolyzer and allow it to operate in fuel 
cell mode periodically, utilizing the H2 prepared during electrolysis as fuel. Such 
systems are termed unitized regenerative fuel cells (URFC). However the efficiency 
of both processes is reduced in regenerative systems because of the different 
optimized requirements for the fuel cell reactions versus those of the electrolyzer.  
Liu et al., (2004) describe a composite electrode assembly incorporating the proton 
exchange membrane for unitized regenerative fuel cells (URFCs) with an improved 
cycle life. In this system the cell works in electrolysis mode for one cycle and then 
by reversing the polarity, operates in fuel cell mode in the next cycle. The cycle life 
and polarization curves for both fuel cell and electrolysis modes of URFC operation 
were investigated with a new electrode with a composite structure and performance 
was found to be constant over 25 cycles, demonstrating that this dual system has 
potential.  
7.2.1 Electrocatalysts 
 
In the assembly of the SPE (or PEM) system it is firstly required that the correct 
choice of catalyst is made for the reaction occurring on the anode versus the reaction 
that takes place on the cathode. The electrocatalyst must be an electrical conductor in 
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addition to being an active catalyst. This restricts the choice of catalysts mainly to 
metals. The catalyst may be distributed in the bulk of substrate grains or at their 
external surface (Chirkov and Rostokin, 2005). An extensive review of scientific 
knowledge on this topic is reported by Wiesener et al., (1990). The catalysts can be 
used as bulk powders, or as admixtures, to which graphite powders are added in 
order to increase the transversal electric conductivity within the layer and decrease 
the amount of catalyst used. Catalysts may also be supported on a conductive 
material free of catalytic activity, e.g. carbons optionally graphitised in part, like 
those commercialised by Cabot Corporation under the trademark Vulcan XC-72 or 
Shawinigan Acetylene Black. Vulcan XC-72 is reported to have a surface area of 
250m2 g-1 (Vielstich et al., 2003). Typically the catalysts sold by various commercial 
suppliers such as Johnson Matthey may contain 10 to 50 % of the precious metal 
catalyst dispersed on the conductive support. Such materials are disclosed, with the 
relevant fabrication methods, in the patent literature, e.g. in United States Patents 
4,614,575 (Juda et al., 1986) and 5,584,976 (Nishiki et al., 1996). Carbon nanotubes 
have been used to stabilize high Pt dispersions, and increase the electronic 
conductivity of the electrodes and also improve the gas transport rate through the 
electrodes reactive layers. Scodelaro et al., (2005) demonstrated that high loadings 
(20-30 wt %) of Pt with high dispersions (Pt nanoparticle sizes as low as 1-2 nm) 
could be obtained upon CNTs. Commercial catalysts are sold with even higher 
loadings of Pt. 
 
Platinum based, bimetallic and ternary electrocatalysts have been well described in 
the literature. Pt is used because of its stability and because it is a hydrogen 
absorbing metal which is capable of electro-chemically absorbing and desorbing 
hydrogen. Platinum is well known to be the best catalyst for water electrolysis due to 
its moderate strength of adsorption of the reaction intermediates. It has the lowest 
over-voltage of all metals. Ultra-fine Pt particles can either be deposited on the 
electrode support i.e. the gas diffusion layer, or directly onto the polymer electrolyte 
membrane (Millet et al., 1988).  
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The oxygen electrode (anode) is the main source of overpotential in the water 
electrolysis process using the SPE system. The low activation loss on the cathode 
electrode where hydrogen is produced is usually neglected. There are few electrode 
materials that resist both dissolution and the formation of obstructive films when 
anodically polarised. For example, in contact with the acidic Nafion® membrane 
non-noble catalytic metals like Ni and Co will corrode and Pt will be covered by a 
low conducting oxide film. Henry B. Beer obtained a patent on dimensionally stable 
anodes (DSA) in 1965, and oxides of Ir and Ru have typically been used as anode 
catalysts on titanium substrates in DSA (Rasten et al., 2003). Various attempts to 
change the catalyst type have been made. For instance, Andolfatto et al., (1994) 
found that the performance and long-term stability of a water electrolysis pilot plant 
could be enhanced when IrO2/Ti electrodes were hot-pressed on both sides of a 
Nafion® membrane in comparison with Pt electrodes, and they obtained lower anodic 
overvoltages and a better long-term stability of the cell voltage due to a lower 
sensitivity to poisoning. 
 
The theory of the process mechanisms at the oxygen evolution electrode is less well 
understood than for hydrogen evolution reactions because of the difficulties 
introduced by the participation of the anode material itself in the electrode process. 
The most probably discharge step involves the formation of oxygen atoms lightly 
adsorbed on a metal already covered with strongly bound oxygen atoms: 
                                          Discharge 
MO +     OH        →  MO – O     +    H+ +2e                 (7.1) 
 
Where  MO – O represents an oxygen atom lightly adsorbed on an oxidized surface 
of the metal M. The discharge of hydrogen ions is believed to occur in two possible 
desorption steps that lead to the formation of the molecular product, in this case, 
oxygen. The first step is   
                   Combination   
2MO – O         →               2MO    +    O2    (7.2) 
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This is followed by a secondary step with the secondary discharge of a hydroxyl ion 
and the desorption of a lightly adsorbed oxygen atom (Potter (1970).  
                      2º discharge 
             2MO – O   +  OH-         →             2MO  + O2  + H+  +  2e-  (7.3) 
 
Generally the heterogeneous reaction rate taking place at the electrodes surface is 
described in units of mol per unit area by equation  4.1 (Chapter 4). 
 
The rate of the electrode reaction O + ne-↔R depends on various surface effects in 
addition to the usual kinetics variables. The reaction is thus composed of various 
steps to convert the dissolved oxidized species to the reduced form (Yaritsa, 2004). 
The electron transfer has to proceed at a reasonable rate and produce an efficient 
quantity of product, thus if an anodic catalyst’s activity is poor a significant amount 
of applied voltage would be required. Minimizing the activation overpotential 
requires maximizing the catalyst area available for the reaction. The chemical 
processes that contribute to the activation loss involve the adsorption of reactant 
species, transfer of electrons across the double layer of an electrolyzer, desorption of 
a product species, and the nature of the electrode surface (Bard and Faulkner, 2001). 
 
Yim et al., (2005) prepared bifunctional electrocatalysts for the oxygen electrode that 
were tested on the URFC performance including both fuel cell and water electrolysis 
in a single cell URFC system. The Pt black catalyst performance in fuel cell mode 
was higher than bi or trimetallic catalysts whereas in water electrolysis mode the 
performance of PtIr  was better than Pt black. Overall the PtIr combination catalyst 
showed the best URFC performance. As the Ir or IrO2 content in the anode catalyst 
was increased the fuel cell performance decreased while the water electrolysis 
performance was significantly improved. The catalyst content was optimized at 1.0 
mg cm-2 of Pt black as hydrogen electrode and 2.0 mg cm-2 of PtIr (99:1) as oxygen 
electrode. In binary mixtures such as IrO2 +SnO2, the activity during oxygen 
evolution was enhanced as the proportion of IrO2 increased in the mixture (Kawar et 
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al., 2003). IrO2 is known for its high chemical stability, high mechanical strength, 
superior oxidation resistance and high electrical conductivity, however it is a 
somewhat less active electrocatalyst than RuO2 for oxygen evolution although it is 
less susceptible to corrosion than RuO2. The metal oxides of IrO2 or RuO2 are 
normally mixed with inert components like Ta2O5, TiO2 or SnO2. The metal oxides 
are preferred to the metal only because the metal catalysts are unstable (Musiani et 
al., 1999). 
 
Such studies highlighted the performance of Pt as multifunctional catalyst for the 
URFC system and the benefits of Ir catalysts for the anode in electrolyzer systems 
(Ioroi et al., 2000; 2002). Chen et al., (2001) looked at combinations of the following 
elements (Pt, Ru, Os, Ir, and Rh) and found that the ternary catalyst comprised of 
PtRuIr, with atomic ratios of 4.5:4:0.5 respectively, was the best performing oxygen 
reduction catalyst for URFC.  The addition of Ru to the Pt/Ir electrode helped to 
increase the reaction rate because it stabilized surface atom/oxygen bonds. Anode 
catalysts based on platinum-ruthenium and platinum-molybdenum alloys have been 
developed by Johnson Matthey (Platinum Metals Review - Volume 46 Number 3 
(July 2002)). The use of IrO2 still permits electron conduction to take place. Trassati 
et al., (1991; 2000) suggested that the oxide layer resistivity is related to the 
intergrain region and that conductivity takes place by hopping mechanisms from 
grain to grain. 
 
Transition metal oxides, like IrO2 constitute an interesting class of materials because 
of various properties they exhibit. Their characteristics have been found to depend 
strongly on the kind of preparation techniques and conditions (Mousty et al., 1999). 
In studies of its electroactivity by cyclic voltammetry (da Silva et al., 1997; Mousty 
et al., 1999), the main feature of Ir was the presence of the reversible peaks (at about 
0.9V) which are generally attributed to the redox process Ir(III) to Ir(IV), 
corresponding to the formation of IrO(OH)2. Ir(IV) may be further oxidised at higher 
potential to a final oxidation state of Ir(VI). This final redox state was achieved (at 
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about 1.3V), and it has been proposed to correspond to Ir(IV)/Ir(VI). During the 
anodic sweep equation 7.4 takes place: 
IrO3 + 2e- + 2H+ ↔ IrO(OH)2   (7.4) 
This reaction becomes competitive to the oxygen evolution reaction:  
IrO3 + H2O → IrO(OH)2 + 1/2O2   (7.5) 
 
Andolfatto et al., (1994) did durability studies for membrane electrode assembly 
(MEA) with IrO2 catalysts supported on titanium fibre in both electrodes. The 
durability was found to be nearly 6000 h at standard conditions, 2.2 V cell voltage 
and with a current density output of 500 mA cm-2.  The relatively low performance 
reported may be due to the low catalyst loading used, which was 2.4 - 3 mg cm-2. 
Based on the stability obtained by Andofaltto et al., IrO2 can be an interesting 
catalyst for both anode and cathode for further research.    
 
The effects of catalyst preparation and dispersion on activity are among the major 
issues that still need to be addressed for improving cell performance and so that an 
optimum compromise is achieved between performance and cost. A significant 
ohmic, activation and transport loss is attributable to the dispersion of the metal 
oxide catalyst on a conductive support. Good contact between the electrocatalyst and 
the support is essential in order to minimize the ohmic losses and contact between 
the electrocatalyst and electrolyte is a necessity for proton transport to the 
electrocatalyst particles. The electrolyte, which is in contact with the active layer of 
the supported electrocatalyst upon the GDL of the electrode, also has to be 
continuous up to the interface of the active layer with the polymer electrolyte 
membrane layer to minimise ohmic loss. The overall catalytic performance is 
affected by the catalyst layer and therefore it is important to achieve the optimum 
catalyst loading on the GDL in contact with the polymer, which should provide ionic 
pathways for protons and low resistance to proton transport. Only catalysts in contact 
with the polymer electrolyte as well as the reactant are electrochemically active. The 
catalyst particles should also be electrochemically connected to the external circuit. 
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Thus catalysts in the electrode structure should not be buried in the bulk of the 
support (Lee et al., 1998; Wang et al., 2001).  
 
Moreover, the electrode kinetics, electrolyte mass transfer, ionic and electronic 
conductivity also determine the electric potential and current distribution in the 
three-dimensional electrode structure and ultimately affect the catalytic activity.  
 
7.2.2 Choice of gas diffusion layers 
 
A gas diffusion electrode (GDE) is constructed by forming an asymmetric electrode 
from a porous substrate layer called a gas diffusion layer (GDL) that contains or 
supports a super-fine particle catalyst layer. The GDL connects the current collector 
via its gas-liquid permeable layer to the electrode substrate. Various configurations 
of GDL are, for instance, foams with open cells, matted felts consisting in entangled 
fibres, or planar meshes formed by layers of crossed and overlaid or interwoven 
fibres.  The challenge in preparing the gas diffusion electrode is to have a durable 
and high surface area gas- liquid permeable layer, that is simultaneously electro 
conducting and of the right texture to support the catalyst layer. The mass transport 
characteristics of a GDL are defined by the morphology and characteristics of the 
material, such as its pore size distribution, interconnectivity and hydrophilicity 
(Kramer et al., 2008). Many patents have been granted for the development of GDE 
that are applicable to electrolyzers or fuel cells (e.g. United States Patent 5618392 
(Furuya, 1997); United States Patent 6444602 (DeMarinis et al., 2002); United States 
Patent 5733430 (Ashida et al., 1998); United States Patent 6361666 (Lipinski and 
Leuschner, 2002)). According to the patent literature, improving gas, liquid and 
vapour transport through the electrode can be achieved by regulating the porosity of 
the GDL, reformulating the applied ink containing the electrocatalyst, and creating a 
film coating structure of the ink on a conductive matrix.  
 
CHAPTER 7 
_____________________________________________ 
 289
In some studies hydrophobic PTFE is applied to inhibit aqueous solutions from 
penetrating the electrode structure whereas the typically used carbon black catalyst 
support can be wetted by the electrolyte (De Castro, 1996). Direct electrochemistry 
on a gaseous species is limited by the gas-liquid solubility, but the solution layer acts 
as a thin meniscus which is able to achieve high gas flux rates. The high surface area 
that is inherent in most GDEs forming part of the MEA may allow an order of 
magnitude amplification of current compared to what may be achieved on an 
equivalent geometric area.  
 
Hayashi and Furuya (2004) describe the preparation of gas diffusion electrodes by 
electrophoretic deposition of precipitates deposited from carbon-
polytetrafluoroethylene dispersions. Pt was then incorporated as catalyst and in 
alkaline solution the gas diffusion electrode promoted oxygen reduction and 
hydrogen oxidation in an H2-O2 fuel cell. Morimoto et al., (2000) describe gas 
diffusion electrodes made of electro conductive porous polytetrafluoroethylene 
(PTFE) sheets supporting Pt catalysts that were applied as the oxygen reduction 
cathodes for chlor-alkali electrolysis. These authors also report the oxidative 
corrosion of the carbon carrier. 
 
GDEs using ionically conductive polymer electrolytes require improved electrode 
structures, and the void volume percentage, average pore diameter size, and electrode 
thickness should be taken into account. Good wettability of GDL surfaces may 
promote complete occupation of the void spaces in the electrodes by the liquid 
reactant water which is desired in electrolyzers but not beneficial to fuel cell systems. 
The release of the gas bubbles from the reaction liquid in which they are formed, 
gives rise to difficulties such as anodic and cathodic pressure variations that may be 
harmful for the ion-exchange membranes, or partial blocking of the electrodes under 
the action of the adhering bubbles causing increased ohmic drop, as the electric 
conductivity is decreased by the presence of gas. The gaseous product normally 
causes a gas film layer at the electrode surface that constitutes a resistance to flow. 
This can be minimized by rapidly removal of the electrode gases by either employing 
CHAPTER 7 
_____________________________________________ 
 290
a thinner gas diffusion layer (GDL), a special type of flow field plate or changing 
water flow rate (Reiger, 1994; Bockris, 1973; Koryta et al., 1993; Hamman et al., 
1998; Crow, 1994). Furthermore, combining these changes with an optimized 
coating methodology may allow the production of GDEs in an automated way.  
 
7.2.3 Ionomer content in electrodes 
 
Proton conductive polymers play varied roles within the MEA as they must create a 
durable and robust binder or structure for catalyst retention that must adhere well to 
the membrane-electrolyte or GDL, and enhance ion exchange or proton conduction 
capacity of the electrode.  The polymer ionomer content in the electrodes 
simultaneously affects the activity of a catalyst and also the ionic resistance, 
therefore the optimum ionomer content in the catalyst layer is necessary for good 
performance. Normally ionomer loading as wt % is calculated as a dry weight of 
ionomer divided by the total dry weight of a catalyst and ionomer and multiplied by 
100. Many studies have reported the effect of ionomer content, with differing 
optimum contents recommended by different researchers.  Lee et al., (1998) showed 
that the Nafion loading correlated with the activation polarization characteristics 
which showed increased activity up to a loading of 1.3 mg cm-2 followed by a more 
gradual change with maxima at 1.9 mg cm-2 which trend was found to correlate well 
with the decrease in charge transfer resistance and increase in the electrochemically 
active surface area. Ioroi et al., (2002) reported that the amount of Nafion added as 
binder to the catalyst layer and proton conductor should be in the range of 7-9 % by 
weight. Other studies confirmed that the catalyst is more active at an ionomer content 
ranging from 30 – 40 dry wt %. In porous gas diffusion systems with polymer 
electrolytes the electrode is often coated with a solution of the solid electrolyte and 
aliphatic alcohol to increase the catalytically active area in contact with the ionomer 
and to achieve penetration of the polymer electrolyte into the electrode (Wöhr et al., 
1996; Ioroi et al., 2003). 
 
CHAPTER 7 
_____________________________________________ 
 291
7.2.4 Choice of solid polymer electrolyte membrane 
 
In polymer electrolyte membrane (PEM) form, the polymer should be impermeable 
to gas whilst being simultaneously able to take up and retain moisture and enable ion 
conductance in order to be a suitable separator of the anodic and cathodic 
compartments of a working SPE cell. The behaviour of the membrane is closely 
linked to its structure. The fixed anions in the pores of the ionomer, which are filled 
with water, exert an electrostatic influence on the ions of the electrolyte so that a 
diffuse double layer is formed in the pores. The ion-exchange properties proceed 
under the flow of electric current across the membrane. The membrane must remain 
hydrated in order to be proton conductive. The requirement to keep the membrane 
hydrated restricts the operation of the cell to temperatures under the boiling point of 
water (Robbins, 1972). 
 
Intense studies have been carried out in recent years on the synthesis of new proton 
conducting membranes, which may play the role of a solid electrolyte in SPE 
systems such as electrolyzers and fuel cells. The classical methods include the 
synthesis of polyelectrolytes comprising SO3H groups (e.g. poly perfluorosulfonated 
acids and sulfonated polysulfines).  In these membrane there is a hydrophobic region 
containing the fluorocarbon backbone and a hydrophilic region containing the 
sulphonate sites, the protons and the water of hydration. The solid polymer 
electrolyte typically consists of a chemically altered solid fluoropolymer containing 
sulphonic acid groups, SO3H, which release their hydrogen as positively-charged 
protons: 
SO3H   → SO3- + H+ 
These charged forms promote water penetration into the membrane structure but 
exclude the product gases, molecular hydrogen and oxygen. The resulting hydrated 
proton, H3O+, is free to move whereas the sulphonate ion is part of the backbone of 
fluorocarbon comprising the repeating structural unit of the ionomer. Proton 
conduction through the membrane proceeds via the protons from the anode entering 
the membrane, becoming solvated by water molecules and thus giving rise to H3O+ 
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ions which move through the hydrated regions to the cathode. The phenomenon of 
the proton transport via the water molecules is called ‘Electro-osmosis’ (Koryta, 
1986; Okada et al., 1998). Formation of a Zundel cation, H5O2+ from combination of 
the ‘proton hole’, H2O and a nearby hydronium ion, H3O+ has also been reported 
(Eikerling et al., 2003). In water electrolysis the hydrated protons are attracted to the 
negatively-charged electrode (cathode) when an electric field is applied across the 
membrane and thus the membrane acts as a proton conductor (Greenwinds, 2002).  
 
A typical example of this material is the perfluorinated sulfonic acid polymers such 
as Nafion® that can be obtained from the E. I. Dupont De Nemours and Company. It 
is available as thin pre-formed membranes in thicknesses of about 100 µm, or as a 5 
% solution which may be deposited and evaporated to leave a polymer layer. 
Nafion® has some limitations due to high cost and lack of thermal stability in high 
temperature applications and is problematic in fuel cell assemblies because of 
methanol crossover (Liao et al., 2002a; 2004), which was not a problem in the 
electrolysis system being investigated.   
 
The proton conductivity of Nafion® membrane materials is complex, being favoured 
by a high level of hydration and dependent on the pre-treatment, operating 
temperature and operational conditions. The structure of the Nafion® membrane is 
shown in Figure 7.3. The values of n, x and m can be varied to produce the material 
of equivalent weight (EW), where EW is the number of grams of the polymer per 
mole of fixed sulphonate sites. 
 
 
 
 
 
 
 
Figure 7.3 General structure of a Nafion®  membrane 
[(CF2CF2) n CFCF2] x 
(OCF2CF) m OCF2CF2SO3H 
 CF3 
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According to Sone et al., (1996) the membrane conductivity without heat-treatment 
was ca. 7.8 × 10–2 S cm–1 at ambient temperature and 100 % relative humidity and 
varied strongly with the humidity and heat-treatment of the membrane.  Slade et al., 
(2002) demonstrated that Nafion® 112 exhibited the best performance compared to 
other available Nafion® membranes such as 117, 115 and 113. These membranes all 
have the same equivalent weight (EW), 1100, but their proton conductivity is 
different as well as the film diameter thickness of 175, 125, 87, and 50 μm 
respectively for the different Nafion® membranes 117,115,113, and 112. 
 
Many attempts have been made to improve the PEM. For instance, Gore-Textile 
Associates developed Gore-SelectTM composites by impregnating Nafion® solution 
in highly porous polytetrafluoroethylene (PTFE) films (Bahar et al., 1997).  Zhang et 
al., (2006) found that doped sulfonated poly(phthalazinone ether ketone) (SPPEK) 
membrane showed higher water uptake and proton conductivity than pure SPPEK 
membranes. Thus composite membranes can be an alternative solution, in which 
inorganic acids are immobilized in polymeric matrices characterized by strong basic 
properties (e.g. H3PO4 / polybenzimidazole system). Suitable proton conductive 
polymers include those in U.S. Patent 7052805  (Narang et al., 2006), describing a 
polymer with acidic subunits, another polymer with basic subunits, and an 
elastomeric polymer with elastomeric subunits. U.S. Patent 5,783,325 (1998), UK 
Patent 2,316,802 (1999) and U.S. Patent 6,103,414 (2000) by Cabasso describe a 
polymer solution made of thermoplastic film former, e.g., polysulfone and 
polyvinylidene fluoride, mixed with carbon and a common solvent (DMF and NMP) 
and cast as asymmetric flat sheet electrodes on glass to control the gas-diffusion 
pores, and the electrode-catalyst-membrane interface. A substantial reduction of the 
catalyst in the MEA was claimed, and less than 0.1 mg cm-2 was shown to produce 
high performance MEA. 
 
There are many efforts reported in the literature to enhance or replace the Nafion 
based membrane (Linkov et al., 2002; Liao et al., 2002 b; Vaivars et al., 2004; 
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Alonso and Turrillas, 2005). However, since developing the polymer electrolyte 
membrane was not the focus of this study such efforts are not further reviewed. This 
study mainly considered the effect of different film thicknesses of Nafion® or 
commercial substitutes for this material, and assembly conditions, upon overall cell 
performance.  
 
7.2.5 Assembly of the Membrane Electrode Assembly 
 
The various components specified above were used to assemble the membrane 
electrode assembly (MEA). Chinese GEFC®- MEA made by Golden Energy Fuel 
Cell Co., Ltd. (Beijing) is an example of a commercially available ready to use MEA 
for the reversible H2 PEM cell and is also used as the proton exchange membrane 
(PEM) in the direct methanol fuel cell (DMFC). It is a catalyst coated membrane  
MEA along with two separate high efficiency gas diffusion layers trademarked as 
GEFC®-GDL. According to the suppliers’ technical notes it consists of proprietary 
GEFC®-11N (N=1~20 mil) perfluorinated PEM coated with a bi-network electrode 
on either side of the PEM, where the bi-network electrode is interconnectively 
composed of the catalyst network coated with thin perfluorinated proton exchange 
film and electrolyte network coated with thick perfluorinated proton exchange film. 
The technical index given by the supplier states that the reversible H2 MEA is 
configured as a Pt-PEM-Pt MEA with 2.5 mg Pt cm-2 and 2.5 mg Pt cm-2 on the 
anode and cathode side respectively and is specified to have a maximum power 
density of between 0.3 and 0.6 W cm-2 (at 30 °C, 0.0 MPa dry H2/Air & O2 
respectively). This technical description gives the characteristics of typical assembly 
conditions for the MEA. 
 
There are various approaches to preparing and assembling the components of the 
MEA used in a SPE electrolyzer.  After a choice is made of the specific components 
for the anode or the cathode side of the MEA, the components have to be assembled 
together.  Firstly the chosen catalyst has to be deposited on the polymer electrolyte or 
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onto the GDL using an appropriate binder and deposition technique for the anode 
and cathode respectively. Typically an ink is prepared containing the catalyst. A 
basic method for preparation of a catalyst ink composed of the ion conducting 
copolymer (usually 5% polymer by weight) dispersed in a diluent, the catalyst 
particles, and additives to ease processing is described by Shin et al., (2002). The 
catalyst can be incorporated into the MEA using various techniques including: i) 
coating of catalyst ink on the GDL, ii) coating of the catalyst ink directly upon the 
proton-exchange membrane and iii) using transfer decals to apply catalyst ink over 
the membrane by hotpressing. 
 
Thereafter the asymmetric cathode and anode electrodes have to be bonded to the 
solid polymer electrolyte membrane. Yamaguchi et al., (1995) describe a hot-press 
method in which a catalyst film is adhered to the polymer membrane by means of hot 
pressing to create the three-dimensional electrode membrane interface. In their study 
the catalyst was introduced into a PTFE solution and a film containing the catalyst 
was formed and dried where after the catalyst film was heat treated and then 
laminated on the ion-exchange membrane followed by the hot-pressing stage.  
 
The Handbook of Fuel cells (Vielstich et al., 2003) describes various approaches for 
the preparation of the MEA. For instance, the catalytic paste could be prepared by 
ball milling a solution of the ionomer used as binder and proton conductor with the 
electrocatalyst in an alcoholic solution until the carbon showed a uniform size 
distribution (Tada in Vielstich et al., 2003). The paste was then printed onto a 
prepared gas diffusion layer (GDL) and was dried at 100 °C for 3 h and then hot 
pressed at 130 °C for 1 min at 20 kg cm-2. The process could be repeated until the 
required catalyst loading was obtained. It was observed that the higher the ionomer 
content of the ink paste, the lower the pore volume of the carbon black support. The 
ionomer was used in the ink paste to obtain sufficient proton conductivity and 
catalyst utilization in the catalyst layer, as well as binder to ensure durability of the 
electrode. The oxygen diffusion was inhibited through the catalyst layer when the 
pore volume was decreased because of the addition of ionomer. The amount of 
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ionomer per gram of carbon black depended on the pore volume of the support and 
amounts of 0.2 - 0.4 g of ionomer per gram of carbon black was recommended by 
these authors.  
 
The amount of catalyst and Nafion in the ink deposited on the GDL plays a major 
role in the activity of the MEA. Ioroi et al., (2002) showed that the Nafion content in 
the electrode affected the water electrolysis performance and 7–9 wt.% Nafion 
showed good performance.  A typical Pt loading on electrodes was 0.25 mg cm-2, 
which was dependent on the cell voltage applied. These authors found that the 
utilization of the anode catalysts was effective only in a thin segment of the catalyst 
layer because of a gradient of electrochemical potential caused by limited electronic 
conductance of the catalyst layer. It has also been demonstrated that higher catalyst 
loading and thinner layers gave better overall results (Vielstich et al., 2003). 
 
Millet et al., (1990; 1993) describe a procedure for the preparation of the SPE 
electrocatalyst in which noble metal cationic species were chemically reduced 
directly on both surfaces of a perfluorinated ion-exchange membrane by chemical 
reduction of cationic precursor salts. They found that the metallic particles were not 
homogeneously distributed across the SPE thickness but predominated near its 
surfaces. The electrodes were then bonded onto the SPE. Low noble metal loadings 
(< 1 mg cm-2) and a low cell voltage of 1.75 V at 1 A cm-2 at 80 degree ºC and long 
time stability (over 15,000 h of continuous electrolysis) were reported.  
 
7.2.5 Challenges in the enhancement of MEA output 
 
It is not a simple process to optimize a MEA because of the multitude of variables 
that play a role in the overall output of the electrolyzer cell. It is difficult to compare 
the overpotentials of electrodes that are disclosed in various patents and articles 
mentioned in this review because each system uses different electrolytes and 
different temperatures and not all procedures are specified for SPE electrolyzers but 
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are designed for MEA systems used in fuel cells of various configurations. Diverse 
approaches have been taken to establish the contribution of the various components 
and operational parameters in the working cell by various authors. However, based 
on estimations, all SPE electrolyzers typically work between 1.6-1.8 V and 300-1000 
mA at 80-100 °C.  Isolating the effect of any one variable is a complex and 
challenging process and was not the main focus of this study.  
 
The overpotential for the production of hydrogen using Pt electrodes is 0.6 V of 
which 0.5 V is required for oxygen evolution and 0.1 V for hydrogen (Atkins, 1989). 
Appreciable product formation is only obtained if the applied potential is greater than 
the cell potential. Solid polymer membrane electrolyzers should maintain a 
reasonably current density i.e 1 A cm-2 or more and an energy efficiency of more 
than 90 % (Hijikata, 2002). Energy conversion efficiency (ηε) and cell effiency (ηcell) 
are given by Equation (7.5) and Equation (7.6) respectively: 
100X
V
Ecell=ηε                                                                       (7.5) 
 
100X
E
Ecellcell =η                                                                    (7.6) 
where V and E are the theoretical values of enthalpy voltage and electrolysis voltage 
respectively. The standard potential of the water electrolysis cell is 1.23 V at 25 °C. 
The positive voltage indicates the Gibbs Free Energy for electrolysis of water is 
greater than zero for these reactions. This can be found using the Nernst Equation at 
equilibrium. The reaction cannot occur without adding necessary energy. At a 
normal operating current density (~1A cm-2) of a commercial electrolyzer, the 
voltage ranges between 1.8 V to 2.0 V and thus an electrolyzer that is operating at 
1.9 V gives a cell efficiency of 65 % (1.23/1.9). To increase energy efficiency it is 
necessary to operate at a lower voltage thus highly active catalysts are required or a 
decrease in the current density will result in a decrease in the rate of hydrogen and 
oxygen production (Khaselev et al., 2001).  
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The surface properties as well as the energetics at the electrode/electrolyte interface 
contribute to the complexity of the working catalyst and affect the electrochemical 
reaction steps, the adsorption-desorption processes at the electrode surface as well as 
the transport processes and thermal behaviour of gas diffusion electrodes (M. Wöhr 
et al., 1996).   
 
In the membrane electrode assembly used in SPE electrolyzers there are two 
different diffusion processes, the gas diffusion and the liquid or vapour diffusion. 
During the phase transition of gas/liquid occurring in the electrochemical reaction 
(water to oxygen and hydrogen) it is possible to hamper the reactions by diffusion 
limitations that may occur because of the significant difference in density and 
mobility, and the different time scales of both diffusion processes (Wang et al., 
1999).  For liquid transport the material characteristics are important, especially the 
wetting angle of the catalyst, and the characteristics of the respective catalyst 
support. The liquid transport can be changed from a diffusion mode to an osmotic 
mode by varying the composition of the electrode.  
 
The interface of the electrode and electrolyte is a solid-solid transition that may 
consist of a high number of single contact points. This interface can therefore 
produce high ohmic losses on charge transition (Wöhr et al., 1996). Properties such 
as the anodic overvoltages, cathodic overvoltage, ohmic drop within the SPE and 
roughness factor of electrodes have been measured (Millet et al., 1989; 1990). The 
ohmic overpotential is due to the total resistances in the electrolyzer. These 
resistances can be found in practically all cell components: ionic resistance in the 
membrane, ionic and electronic resistance in the electrode and electronic resistance 
in the gas diffusion layer, flow field plate and terminal connections (Roshandel et al., 
2005).  But the largest source of ohmic loss in the cell arises from the electrolyte 
membrane.  
 
Grigor'ev et al., (2004) developed a mathematical model for analyzing spatial 
distributions of the transport and the concentration of reactants and current density 
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over a fuel cell with a solid polymer electrolyte. The effect of the catalytic layer 
activity, reactant speed, bipolar-plate geometry, thickness and porosity of current 
collector and gas-diffusion layer, and the reaction mixture composition on the fuel 
cell efficiency was modelled and the relative contribution of each component 
highlighted. That study highlights the complexity of the SPE system.   
 
Chirkov and Rostokin (2005) showed that the magnitude of currents of electrodes in 
hydrogen-oxygen fuel cells of all types is determined by values of the effective 
coefficient of gas diffusion, the effective coefficient of ionic conduction, and the 
characteristic bulk current density.  
 
7.2.6 The working cell 
 
Industrial electrolyzers are made of a multiplicity of elementary cells in hydraulic 
and electrical connection, pressed one against the other to form a modular 
arrangement. The electrical connection may be of a monopolar or bipolar type and 
the cell constitutes one of a repeating element in a modular electrolyzer. An intimate 
contact between membrane, electrode and current distributor should be mechanically 
ensured and the elements comprising the cell should have sufficient elasticity to 
undergo a deflection when the various constitutive elements are tightened in the 
modular arrangement. A fully operational electrolyzer system is described for 
instance, in United States Patent 6569298 (Merida-Donis, 2003) where the 
deionization of water and hydrogen fuel production in a fuel generation mode, and 
electricity production in a power generation mode are integrated. A capacitive 
deionization device receives water and electrical energy to produce deionized water 
that is transferred to the PEM electrolyzer to produce hydrogen fuel. A storage 
system receives the hydrogen which is then transferred to the PEMFC device that 
produces electrical energy.  
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In this study only a single element of a modular array was optimized. Full integration 
with the peripheral systems was not considered as this fell outside the scope of the 
study. The objectives of this part of the study were to gain an understanding of the 
factors that have an effect upon the operation and current density of a working 
module, to decouple the effect of the catalyst and influence of different components 
from operational issues. Effect of variables such as ink composition, type of gas 
diffusion layer, loading variability, stability and durability, catalyst type for anode 
and temperature were investigated. 
 
7.3 EXPERIMENTAL: MEMBRANE ELECTRODE ASSEMBLIES FOR SPE 
SYSTEMS 
 
This section lists the chemicals, components and methods used to assemble the 
MEAs that were then tested in the electrolyzer cell module. 
 
7.3.1 Chemicals  
 
i)  De-ionized water 
ii) Iso-propanol 99 %, liquid, m.p-89.50 and b.p-82.40 from Aldrich 
iii)  Nafion® solutions in water 
Ion Power, Inc supplied LIQUION™ solutions which are dissolved 
NAFION® resins in a mixture of water and alcohols. The NAFION® is 
Perfluorosulfonic Acid/TFE Copolymer. The solutions are available in solid 
concentrations of 5 or 15 weight %. The solutions can be dried to form films 
and coatings of NAFION® or mixed with other solids to form electrodes. 
 
7.3.2 Components   
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7.3.2.1 Polymer Electrolyte Membranes 
Available commercial proton conductive polymers membranes used to separate the 
anode and cathode compartments of the water electrolyzer included: 
 
Perfluorinated sulfonic acid polymer membrane Nafion® from the E. I. Dupont De 
Nemours and Company, which is supplied by Electro chem. Inc. 400 West 
Cummings Park, Woburn MA 01801 USA and available in sheet form as Nafion 
membranes “EC – NM – 117” , “EC – NM – 115”, and  “EC – NM – 112” which 
specifies the thickness of the PEM films. For instance Nafion 112 has a thickness of 
50 µm; Water uptake of about 25% ;  Proton conductivity(S cm-1) about 1.0 × 10-2. 
 
A Chinese equivalent GEFC®-11N perfluorinated proton exchange membrane was 
also used.  The technical indices of this material were: Nominal Thickness:  N mil  
(N=1~20); Acid Capacity 0.97 mmol g-1; Conductivity  0.1 S cm-1  ( 25 °C ); Water 
Uptake 50 %  (at 100 °C, 1 h ); Linear Expansion 1%  (at 23 °C, from 50 % RH to 
water soaked); Tensile Strength   37 MPa  (at 50 % RH, 23 °C, Isotropy ); Melting 
Point  219 °C. 
 
7.3.2.2 Gas diffusion layers 
Lydall Carbon cloth called Technimat, which is a carbon paper used as pyrolysed 
diffusion layer with no PTFE content, with controlled porosity. Technimat exists in a 
number of basis weights (from 6.8 to 102 g m-2). Various grades were considered and 
a typical specification given by the suppliers of the 6100-200 grade was: Grade-Basis 
Weight 41.7; Lbs/3000 ft²-Caliper @ 4psf  56.6; mils-Caliper @ 8 psi 25.8; mils-
Tensile MD 3800; gms/inch-Tensile CD 5400; gms/inch-MD/CD Ratio1.07. 
 
Etek LT-1400W GDL with electrical resistance of 500 mΩ cm-1; air permeability 
500 mL min-1; mean pore size 7 µm (further specifications available from Etek, 
2008). 
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Titanium fibre Bekinit KK, supplied by Bekaert (Japan) stock number 
ST/Ti/20/200/56, with specifications of t=0.1 mm; or Bekinit ST/Ti/20/400/76, with 
specifications t = 0.35 mm (Bekaert BFT, 2008). Both types have fibre diameter of 
20 μm;  weight : 300 to 200 g m-2;   porosity : 52  to 56 %;  thickness : 0.14 to 0.1 
mm.  
7.3.2.3 Binders 
5 wt % LIQUION™ composition is: NAFION® 4.95-5.05 wt%  in a solvent 
comprising Water: 20 wt%; Isopropanol :75 wt% ; Density: 0.86 g cm-3 
15 wt% LIQUION™ composition is: NAFION® 14.9-15.1 wt% in a solvent 
comprising Water: 45 wt%; Isopropanol :40 wt% ; Density: 1.0 g cm-3; 
Electrical properties: 880 Ω cm-1 DC, 330 Ω cm-1 AC 
 
7.3.3 Methods 
 
7.3.3.1 Pretreatment of titanium fibre GDL. 
20 g of Oxalic acid was dissolved in 200 mL water (10 % w/w solution). The 
solution was heated to boiling and then the required size of the fibre was placed in 
the boiling solution, treated for 6-7 min, rinsed with de-ionized water and then dried.  
7.3.3.2 Preparation of Proton conducting membrane 
Chinese Proton Exchange Membrane GEFC®-11N was soaked in 5% H2O2, H2O, 
0.5 M H2SO4 and H2O respectively at 80 °C for 1 h, and rinsed thoroughly with pure 
water. The treated membranes may be stored in pure water or allowed to dry. 
 
Perfluorinated Proton Exchange Membrane Nafion® sheets were cleaned and 
activated as follows: The Nafion® sheet was cut into appropriate sizes and boiled in 9 
M HNO3 for 1 h, rinsed with deionized water, and then placed in H2O2 solution for 1 
h at 60 °C.  (The H2O2 solution is made with 51 mL in 1 L distilled water). The 
Nafion® sheet was rinsed in distilled water for 30 min while heating. Thereafter the 
Nafion® sheet was boiled in H2SO4 for 1 h (the H2SO4 solution was prepared from 
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54.3 mL in 1 L distilled water). Finally the Nafion® sheet was washed in distilled 
water for 30 min while heating.   
7.3.3.3 Catalysts  
Commercial anode and cathode catalysts obtained from Alpha Aesar, a division of 
Johnson Matthey, were applied in the MEA assembly unless otherwise specified. 
 
Premion Iridium (IV) oxide, 99.99 % (metals basis) Ir 84.5 % minimum, total 
impurities <100 ppm supplied by Alfa Aesar, a Johnson Matthey Company (Stock # 
43396; Lot # E27P20). This catalyst will be referred to as JM IrO2. 
 
Pt catalyst HiSpec™ 4000, 40 % on carbon black with 39.74 % Pt, 1.33 % moisture, 
3.54 nm crystalline size supplied by Alfa Aesar, a Johnson Matthey Company (Stock 
#42204; Lot # J26P18 or F01Q12). This catalyst will be referred to as JM Pt40/C.  
 
Homemade IrO2 Catalyst preparation method. 
In the synthesis of Iridium oxides, Iridium chloride (H2IrCl6 or IrCl3) precursors 
were oxidised within a melt of sodium nitrate according to the Adam’s fusion 
method. To evenly disperse the precursor throughout the NaNO3, 0.4 g of IrCl3.x 
H2O and 20 g of NaNO3 were dissolved in 100 mL of deionised water. The solution 
was stirred for more than 6 h using a magnetic stirrer. The solution was dried in an 
oven at 80 °C. The dried mixture was then introduced into a pre-heated ceramic 
furnace at 350 - 450 °C and kept in these conditions for 30 min until a dark brown 
nitrous gas evolved. The fused salt melt was cooled to room temperature and then 
leached by repetitive washing with deionised water to leach out all the excess salt. 
The oxidised iridium solids remaining were then separated by the use of a centrifuge 
and the wet  IrO2 particles were dried at 80 °C. Further heat treatment was performed 
in a preheated furnace at 450 – 580 °C to anneal the catalyst. This catalyst will be 
referred to as IrO2 HM. 
7.3.3.4 Ink formulations 
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Specific ink formulations that were used are specified with each particular 
experimental result in the following sections. The inks were prepared according to 
the following basic formulation as is given in Table 7.1 which was varied. The 
Nafion® solution should always be added after the water because the catalyst can 
ignite the solvent. The ink mixture was ultra sounded for 5 min then stirred until use.   
 
Table 7.1 Ink formulations 
 Anode Cathode 
Catalyst 0.1275 or 0.05 g 0.1275 or 0.05 g 
Water 0.25 cm3 0.25 cm3 
Nafion solution 1.275 or 0.06 g  1.275 or 0.06 g  
Iso-propanol 0.5 cm3 0.5 cm3 
 
7.3.3.5 Drying/curing procedure 
After deposition of the ink on the chosen GDL, the solvent should be removed by 
heating the electrode at 50 °C for 30 min, followed by a curing step at 80-120 °C for 
15 min. 
7.3.3.6 Ink deposition 
The ink was deposited on a specifically sized inert GDL substrate (either of 5 cm2, 4 
cm2 or 1 cm2) and cured to form the GDE. The catalytic ink was alternatively 
spraycoated or brushcoated onto the GDL. Spraycoating was achieved by use of an 
artist’s airbrush or airgun No. 100 fine 0.1755CG, Badger USA by loading the ink 
into the reservoir and propelling the ink with a pure N2 stream. In Chapter 6 screen 
printing as ink deposition was assessed after developing new ink formulations 
suitable for screenprinting. 
 
 The inks were applied directly onto different types of GDL comprising carbon 
cloths (Lydall, 6100-200AC or 6100-300) or titanium fibre (Bekinit, thickness 
0.1mm; Bekinit St Ti 20 200 56 or Bekinit St Ti 20 300 66) for cathode and anode 
respectively. ETEK ready to press with ionomer was also compared as GDL for the 
MEA. Various mass % loadings were achieved and compared to find an optimum 
loading.  
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The catalyst containing ink was deposited on one side of a GDL, for instance, the JM 
Pt40/C ink was deposited upon the hydrophilic carbon cloth (6300-100) and the JM 
IrO2 ink was deposited upon the Titanium fibre (Bekinit, thickness 0.1 mm) at 
specific loadings.  The Bekinit titanium fibre was firstly pretreated as specified. The 
specific different combinations that were assessed will be specified with the MEA 
activity results. 
 
The electrodes so formed were asymmetric with the catalyst layer dispersed on one 
side of the chosen GDL only. Once the ink was dried and cured in a film upon the 
substrate, the electrode was formed which, depending upon the combination of GDL 
substrate and catalyst, was either applied as an anode or a cathode. Cyclic 
voltammetry of the catalysts and chronoamperometry of electrode materials was 
performed as is specified in Chapters 4 and 5. 
7.3.3.7 Hotpressing the MEA 
The Nafion® membrane was treated first in order to remove all the impurities and 
include the sulphonic groups as specified previously. After pre-treatment and air 
drying, the membrane was ready to be assembled with the electrodes into a MEA. 
When the electrodes were dry they were hot pressed together with the pretreated 
ionomer membrane using a hydraulic press. The respective cathode and anode 
electrodes were hot-pressed on either sides of the ionomer membrane (typically 
Nafion® 117) with the catalyst layer in direct contact with the ionomer membrane. In 
some cases an additional thin layer of ionomer solution was spraycoated onto the 
catalyst layer to ensure complete integration of the catalyst layer and ionomer 
membrane.  Recommended hotpressing conditions specified by commercial vendors 
ETEK are given in Table 7.2. 
 
Table 7.2 Recommended commercial hotpressing conditions 
Pressing conditions 
Pressure 30 bars 
Temperature 125-130 ºC 
Time 5-7 min 
 
CHAPTER 7 
_____________________________________________ 
 306
The specific components and hotpressing conditions that were applied in this study 
varied between about 3-7 min, 120-130 0C and 20-140 bars, and are specified 
separately in the appropriate sections.  
7.3.3.8 SPE Electrolyzer Cell Assembly 
The MEA was assembled in the SPE test module as is schematically shown in Figure 
7.4. 
 
Figure 7.4  Schematic assembly of the SPE electrolyzer 
 
A current collector with serpentine channels for water flow was clamped on each 
side of the MEA with suitable seals. A porous titanium frit was interspersed on each 
side between the current collector and the MEA to support the MEA and to ensure 
even water distribution and gas removal. The current collector was suitably insulated 
from the clamps and peripherals on each side of the cell. Electric leads were 
connected to each side of the cell. The piping from the cell to the water reservoir was 
attached as shown in Figure 7.5. Each MEA was moisturized for a specific time as 
specified prior to the start of the experiment. 
7.3.3.9 SPE Electrolyzer operation  
Setting up the prototype bench scale module of a SPE electrolyzer included modular 
cell design and peripheral selection. The SPE electrolyzer setup is shown in Figure 
7.5. 
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Ti cell with porous Ti 
current collectors
Gas / electrolyte separation
Bubble flow meters to check the 
gas production rate 
(measurement within 95% of 
theoretical production)
 
Figure 7.5 Laboratory scale set up and SPE testing module 
 
The following peripheral equipment was required to operate the SPE testing module: 
Magnetic heater and stirrer; Gas separation system including fittings, glassware and 
tubing for feed and product streams; 2 X Soap bubble meters; Electrolyzer module; 
Watson-Marlow 323 U/D peristaltic pump;  Watson-Marlow 313X Extension 
Pumphead; Hoiki 3560 AC milli Ohm Hi Tester for testing cell resistance; Autolab 
PGSTAT 30 (Eco Chemie BV, Netherlands) as power source. A power source 
Powerflex TT CPX Dual PSU with maximum output of 35 V and 10Amp was used 
as potentiometer in some cases. 
 
A process flow diagram is presented schematically in Figure 7.6 for assembling and 
testing the MEA. 
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                   KOH 
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 MEA 
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 H2O 
                                          H2O 
 H20 
 
                       H2 MEA 
                       O2 H2O 
 
Figure 7.6 Schematic process flow diagram for assembling and testing the MEA 
 
The power source provided the electrical potential across the cell. The ultrapure 
water feed was pumped at a set rate using the pump, from the reservoir to the 
electrolyzer module, where the water was split into hydrogen and oxygen, which 
gases were then respectively collected in the gas phase separators. Gas flow rate was 
measured using the soap bubble meters. The operational parameters that were 
optimized as well as the activity of the catalyst were identified by the current density 
that was registered on the Auto lab.   
  Mixer    Coating    Drying 
    Oven 
Pressing 
Moisturizing 
MEA 
Hydrogen 
Collection 
Treating 
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The MEA was thus prepared and tested according to the following summarized 
steps: 
i. Separately weigh appropriate amount of electrocatalyst for anode and 
cathode.   
ii. Mix the cathode and anode catalyst separately with appropriate amount of 
ultra pure water.   
iii. Weigh appropriate amount of Nafion solution (5 % w/w) and add drop wise 
to each catalyst, while stirring.   
iv. Add isopropanol drop wise to each catalyst with stirring.  
v. Ultrasound ink for 5 min and continue with magnetic stirring overnight.   
vi. Cut and weigh the appropriate GDL substrate for cathode and anode 
respectively.   
vii. Deposit respective anode and cathode inks upon appropriate substrates using 
appropriate deposition technique, drying and weighing in between.  Repeat 
until appropriate layer thickness /loading achieved. The calculated catalyst 
(e.g. platinum or iridium metal loading) should be about 1-6 mg cm-2 both for 
anode and cathode.   
viii. After the respective coating, dry and cure gas diffusion electrodes (GDE).  
ix. Pretreat the appropriately sized Nafion® membrane sheet. 
x. Place treated Nafion membrane sheet between the anode and cathode GDE, 
and hotpress using suitable hotpressing conditions. 
xi. Test current density after suitable moisturization times of MEA 
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7.4 RESULTS AND DISCUSSIONS 
 
7.4.1 Characterization of components 
7.4.1.1 Catalysts for anode and cathode of SPE electrolyzer 
Characteristics of the commercial electrocatalysts that were applied in this study are 
given in the specifications from the suppliers. Micrographs and other characteristics 
of JM Pt40/C are given in Chapter 4. SEM micrographs of (a) Ir Black and (b) IrO2 
(HM) prepared according to Section 7.3.3.3 that was also tested as anode catalyst are 
presented in Figure 7.7.  
  
(a) Johnson Matthey Ir Black with 
particles size range 30-50nm 
(b) Annealed HM IrO2 with particle sizes 
average 5-10nm 
Figure 7.7 SEM micrographs of Iridium catalysts 
 
The XRD spectra of the benchmark commercial JM IrO2 and HM IrO2 pyrolysed at 
450 ºC and annealed at 550 ºC are presented in Figure 7.8.  
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Figure 7.8  XRD spectrum of  (a) commercial JM IrO2  (b) HM IrO2  pyrolysed at 450 
ºC and annealed at 550 ºC  
 
The observed d values of the major XRD reflections were compared with standard d 
values as given in the JCPDS data file. Typical reflections for IrO2 can be observed 
at 28.05 º2θ, (110), 34.95 º2θ (101), 55.34 º2θ (211) and 39.75 º2θ (200), with 
standard d values respectively of: 3.1780 (110); 2.582 (101); 2.2488 (200); 1.696 
(211) (Osaka et al., 1994). The commercial sample consisted of four major peaks that 
are associated with 200, 210, 301, 321 faces, whereas XRD peaks for homemade 
samples were associated with 101, 110, 211, 112 faces with good agreement between 
the observed and standard d values. The annealed IrO2 particles sizes were between 
8-10 nm as calculated by the Scherrer equation from XRD data and by visual 
inspection of TEM images and most of these particles were agglomerations of 
smaller particles showing the sintering effect of the high annealing temperature used. 
An annealing temperature of 550 ºC was applied. It is well known that the material 
properties of IrO2 are susceptible both to the deposition technique and preparative 
parameters (Patil et al., 2003). 
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Figure 7.9 TGA of HM IrO2 
 
The thermal analysis (Figure 7.9) showed that the prepared IrO2 nanoparticles were 
not stable. Mass loss was observed between 50-100 ºC and again between 100-700 
ºC. The first mass loss of about 3 % was attributed to the removal of moisture and a 
portion of the second mass loss (between 100-300 ºC) could be attributed to the 
possible removal of the remainder of NO2 formed during the Adams fusion method. 
Thereafter a slow but steady mass loss was observed. This mass loss is ascribed to 
the fact that the chemical stoichiometry of the oxide nanoparticles is not maintained 
as the temperature increases. It is only under high annealing temperatures that the 
surfaces of metal oxides are terminated with metal cations (al-Abadleh Hind et al., 
2003).  These authors found that under non-annealing temperatures, metal oxide 
nanoparticles are oxygen terminated and metal cations fully coordinated in the bulk. 
High concentration of negative oxide ions on the surface causes oxide ion bond 
lengths to relax and react with ambient gases, such as water, forming hydroxyl 
groups, of which residual groups persist on the surface of nanoparticles even after 
relatively high thermal treatment.  Annealing of the IrO2 caused sintering of the 
nanoparticles and crystal growth, as is apparent from the observed high intensity 
XRD peaks, which may have improved electronic pathways by creating gooseneck 
boundaries between crystals. Hackwood et al. (1982) showed that exothermic 
transitions exist at 300 °C and at 700 °C, the higher of which is due to amorphous-to-
crystalline transition where after IrO2 loses its electro catalytic properties that are 
associated with the fast-ion mobility in the amorphous state.    
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7.4.2 Characteristics of macroporous conductive supports 
 
Micrographs of the various carbon based support substrates used as GDL are shown 
in Figure 7.10 (a to c).  
  
(a) Hydrophilic carbon cloth (Lydall 6100-
200AC) 
(b) Hydrophilic carbon cloth (Lydall 6100-
300) 
 
 
(c) Hydrophobic carbon cloth (Lydall 484C)   
Figure 7.10 Types of carbon cloth support taken at 300 magnifications, by Scanning 
Electron Microscope (SEM)  
 
The micrographs in Figure 7.10 (a-c) show the typical macroporosity of these GDL 
substrates with large, 50-100 µm sized void spaces and the matted fibrous structure 
of the carbon matrix. The commercial hydrophobic cloth (Figure 7.9(c)) is typically 
impregnated with PTFE to repel water ingress into the GDL layer and thus the gas 
diffusion pathways are partially obstructed. In GDL with various PTFE loadings of 
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the hydrogen electrode (Ioroi et al., 2001; 2002; 2003), both the fuel cell and water 
electrolysis performances  were not affected by the amount of PTFE loading and 5–7 
wt % was found appropriate. These authors found that the efficiency of the URFC 
decreased with increasing cycles when the PTFE loading on the oxygen side GDL 
was too low.  Hence the PTFE treated hydrophobic GDL would be of importance as 
anodic substrate should the SPE cell be operated in both electrolyzer and fuel cell 
mode.  Micrographs of other commercial GDL materials are presented in Figures 
7.11 (a to d).  
 
a) ETEK ready to press with ionomer – 
GDL side woven matrix  
b) ETEK ready to press with ionomer – 
ionomer side  
  
(c) Bekinit St Ti 20 200 56 (d) Bekinit St Ti 20 300 66
Figure 7.11 SEM micrographs of GDL substrates 
 
ETEK ready to press GDL with ionomer is shown in Figure 7.11 (a)  on the GDL 
side exposing the woven matrix and (b) on the ionomer coated side, which shows the 
much denser woven fibrous texture of this commercial GDL material, with gas 
diffusion pores in the region of 5-10 µm. The Titanium meshes supplied by Bekaert 
(Bekinit type) are presented in Figure 7.11 (c and d).These micrographs show the 
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matted metallic mesh diameter (50 µm) and the large void spaces representing the 
gas diffusion pathways or porosity between the individual strands of Ti. The 
difference between these two Ti materials is the thickness. 
7.4.3 Characteristics of ink formulations 
 
The characteristics of the ink formulations are described in Chapter 6 in which the 
viscosity and rheology of the different formulations used in screen printing are 
investigated. In this section the inks were mainly used directly after composing them 
due to the volatility of the isopropanol solvent used in spraycoating and 
brushcoating. It was evident that particles were agglomerating and thus the JM Pt40/C 
ink formulation was checked for particle distribution using a non-invasive 
backscatter spectroscopy (NIBS) technique.  
 
Figure 7.12 Particle size distribution for the typical JM Pt40/C ink formulation 
 
Particle size distribution (Figure 7.12) determined by NIBS for the JM Pt40/C ink 
formulation, revealed no bimodal distribution for the catalyst containing sample and 
the diameter of the particles was close to 1000 nm, showing that the catalyst particles 
supported on carbon black were prone to agglomeration in the formulations used. 
SEM micrographs (Chapter 4) showed that the Vulcan carbon black upon which the 
nanoparticles of Pt are supported in the case of the JM Pt40/C catalyst was typically 
between 2-5 µm in particle size. Hence inter particular attraction played a role in 
causing particle agglomeration, which resulted in uneven particle deposition. To 
prevent this from occurring many patented ink formulations add various or 
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undisclosed dispersants. In this study these additives were not added to the ink 
formulations used in order to eliminate extraneous variables during electrode testing. 
 
7.4.4 Characteristics of electrodes  
 
There are many different ink formulations, and types of GDL substrates as well as 
various ways of depositing the ink on the GDL reported in the literature and each 
preparation technique as well as the different choices of components may have an 
effect on the overall activity of the electrolyzer cell. In this section the electrodes are 
characterized after the deposition and curing of the ionomer containing catalyst layer. 
The purpose of the characterization was to establish whether good dispersion of Pt 
catalyst and homogeneous electrode structures had been prepared. Homogeneity or 
high dispersion versus agglomeration and poor dispersion was initially determined 
by optical or scanning microscopy.   
 
The ink solution for JM Pt40/C on carbon cloth as well as for Pt HMS (carbonized) 
on Bekinit titanium support was typically prepared as follows: 0.25 g of catalyst was 
mixed with 1.00 g H20, 0.67 of 5 % Nafion solution and 1.00 cm3 of isopropanol. 
This formulation was varied as is further specified. Selected examples of SEM 
micrographs, alternatively optical microscopy of typical Ir and Pt containing 
composite electrodes prepared as anodes and cathodes using carbon cloth GDL are 
presented in Figure 7.13 and Figure 7.14 after ink deposition with anodic and 
cathodic inks upon carbon cloth substrates, showing ink adhesion on carbon fibres.   
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Figure 7.13  SEM of Ir Black on carbon 
cloth anode                           
Figure  7.14 SEM of IrO2 on carbon 
cloth anode 
 
The SEM micrographs of the Ir containing catalytic ink dispersed upon the gas 
diffusion layer (Figure 7.13 and 7.14) shows that there is much potential  for 
improvement that can be achieved by using a finer and possibly more dense carbon 
backing layer as GDL. It is highly unlikely that more than a very insignificant 
portion of the catalyst could be in intimate contact with the Nafion membrane or with 
the carbon cloth due to the large voids and catalyst interpenetration between fibres of 
the GDL. Possibly, direct electrochemical deposition of Ir upon carbon may result in 
more uniform and stable coatings, where after the material may be impregnated with 
Nafion. 
 
 
Figure 7.15 Optical microscopy of 
typical composite electrode JM Pt40/C 
on carbon cloth                                       
Figure 7.16 Ink coated by brushing Pt 
ink on cathode (MEA 59) on GDL 
Lydall Carbon Cloth 6100-300 
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Optical microscopy and SEM micrographs of typical JM Pt40/C on carbon cloth GDL 
forming a composite electrode are shown in Figures 7.15 and 7.16, before hot-
pressing the electrodes into a MEA. SEM micrographs of anodes prepared using 
Titianium mesh (Bekinit) are shown in Figures 7.17 and 7.18 and in Figures 7.19 and 
7.20 spraycoated cathodes are shown. 
 
Figure 7.17 Anode based upon Bekinit St 
Ti 20 300 66; ink brush coated (IrO2 MEA 
59)  
Figure 7.18 Anode based upon Bekinit St 
Ti 20 300 66; ink spraycoated (with 6 mg 
IrO2)  
 
Figure 7.19 Pt cathode based on GDL 
Lydall Carbon Cloth 6100-300; ink spray 
coated  
Figure 7.20 Pt cathode on GDL Lydall 
Carbon Cloth 6100-300; ink spray coated 
with higher loading of catalyst 
 
SEM and optical microscopy showed that typically after ink deposition and curing a 
catalyst layer was formed that interpenetrated the fibres of the GDL and adhered to 
the fibre surfaces. As the resolution of optical microscopy was sufficient to inspect 
electrodes, this method was generally used as quality control measure during MEA 
preparation.  
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Ink adhesion upon the GDL was generally good, and the correct catalyst loading 
could be achieved by careful weighing in between deposition of layers and weighing 
the product after ink deposition.  As the micrographs show, the integrity of the film 
layers was higher when spraycoating was used instead of brushcoating, but this 
depended upon the loading achieved as well as the substrate type. Brush coating was 
found to result in lack of reproducibility in catalyst loading, and a greater degree of 
crack formation. Spray coating was more reproducible but it was found to be 
laborious and care was required to ensure that all areas of the electrode were coated 
evenly and that equivalent loadings were achieved from one MEA to the next. Both 
techniques were wasteful of the expensive catalysts due to losses occurring during 
preparation. The layers of cured ink containing the electrocatalyst and the ionomer 
were prone to a high degree of crack formation upon drying and curing, most likely 
due to the different coefficient of expansions or thermal shocks during heat curing of 
the ink layer and the underlaying GDL (Patil et al., 2003) or the lack of elasticity and 
heat sensitivity of the ionomer Nafion® that was used as binder, which may contract 
or degrade during heat curing. Samples exhibit a characteristic “cracked-mud” 
appearance. Transition metal dioxide layers very often exhibit such features. Such 
features are, in principle, favourable for some applications such as O2 or H2 
evolution because it gives rise to higher macroscopic surface area (Hine et al., 1979; 
Pizzini et al., 1972; Savinell et al., 1990). However, the micrographs gave no 
indication of the dispersion of Pt over the electrode surface. Determining the 
electrical conductive characteristics of the electrodes would require different means 
of characterization which are set out in Chapter 6.  
 
7.4.5 Characterization of homogeneity and reproducibility of 
electrodes 
 
Characterization of the spatial distribution of Pt or Ir nanoparticles upon modified 
electrodes prior to hot pressing was necessary in order to develop well defined 
deposition technology. The characteristics of representative electrodes were 
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determined in terms of Pt or Ir loading per geometric surface area, as measured by 
photon induced X-Ray emission (PIXE) spectroscopy using a dynamic mapping 
technique (Ryan et al., 1995). This was characterized by elemental mapping of 
micro-regions in the micrometer scale of active elements dispersed upon conductive 
(i.e. carbon based and titanium based) support matrixes (Figures 7.21 and 7.22).  
 
A 
 
B 
Figure 7.21 Elemental distribution map of Pt (A) and Ir (B)  on carbon cloth electrodes 
calculated by Dynamic Analysis method of mapping from micro-PIXE data  
 
Figure 7.22 PIXE spectra of (a) Pt cathode and (b) Ir anode 
 
PIXE spectra shown in Figure 7.21 from a Pt cathode (a) and an Iridium oxide anode 
(b) were obtained from irradiation with 3.0 MeV protons at the nuclear microprobe 
b) 
a) 
CHAPTER 7 
_____________________________________________ 
 321
facility, Materials Research Group, iThemba LABS.  All X-ray lines correspond to 
the L-shell X-ray excitation from both Pt and Ir. The smaller lines on the right of 
each spectrum are artefacts related to pile-up in the Si(Li) X-ray detector. 
Calculation of Pt and Ir concentrations were done using the L lines marked in Figure 
7.22.  
 
PIXE analysis and SEM micrographs showed that the uneven dispersion as well as 
agglomeration and cracking of deposited catalytic ink layers that occurred after 
drying and curing, particularly in the case of brush coated electrode preparation 
techniques, resulted in inhomogeneity of catalytic nanoparticles in the deposited 
layers. In Figure 7.21 (a) the layer of Pt ink presents localised areas of agglomeration 
(with maximum Pt concentration levels at 25 %) separated by regions where the Pt 
concentration was depleted (~2 %). In the case of the IrO2 the PIXE map shows 
restricted regions of high (10 %) and low (0-2 %) concentrations of Iridium Oxide. 
The Pt particles are more dispersed than the IrO2 particles over the whole micro-
region, which indicated that the formulations of inks would need to be optimized 
considerably to prevent the significant agglomeration and poor dispersion observed.  
This aspect was addressed in Chapter 6. 
 
The agglomeration that was observed could be caused by inter particular attraction 
due to electrostatic forces or by surface energy of the substrate, or by polarity of the 
solvent used in the ink. The ink formulations were further optimized as is described 
in Chapter 6 and the interplay between these forces is explored therein. 
 
SECM imaging of activity of the composite JM Pt40/C catalyst deposited on highly 
orientated pyrolytic graphite (HOPG) as conductive substrate towards the hydrogen 
evolution reaction (HER) in 5 mM H2SO4 electrolyte solution is shown in Figure 
7.23.  
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Figure 7.23 SECM Imaging of activity of Pt40/C  electrode towards HER in 5 mM 
H2SO4 electrolyte solution 
 
The SECM imaging (Figure 7.23) indicated a similar trend to that observed in the 
PIXE elemental maps, of relative inhomogeneity of the active surface area of the 
active electrocatalyst dispersed in the composite electrode. Better uniformity of the 
electrodes was achieved by changing the substrate type and the type of catalyst 
support combination (Figures 7.24 and 7.25).  
Figure 7.24 JM Pt40/C on carbon cloth     Figure 7.25 Pt HMS (carbonized) on Bekinit 
substrate 
 
Optical micrographs of comparable scale of a micro-region selected at random on a 
cathode with JM Pt40/C spraycoated on carbon cloth (Figure 7.24) or Pt HMS 
(carbonized) catalyst spraycoated on the Bekinit titanium substrate as cathode is 
shown in Figure 7.25. The preparation of Pt HMS (carbonized) catalyst was 
described in Chapter 4. The optical micrograph of the electrode is compared with 
elemental maps for Pt and Ti calculated by Dynamic Analysis method from micro-
1.00mm 1.00mm 
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PIXE data obtained on the JM Pt40/C spraycoated on carbon cloth and Pt HMS 
(carbonized) on Ti support as cathode samples, that are shown in Figure 7.26 (a) and 
(b) respectively.  
 
(a) Pt elemental map of Pt HMS 
(carbonized) catalyst deposited on Ti Bekinit 
substrate  
(b) Ti elemental map of Pt HMS (carbonized) 
catalyst deposited on the Ti Bekinit substrate  
Figure 7.26 Elemental distribution map of Pt (a) and Ti (b) in titanium substrate 
GDL electrodes containing a film of supported Pt HMS (carbonized) catalyst 
 
The elemental distribution map (Figure 7.26) of Pt (a) and Ti (b) of an electrode 
prepared with Pt HMS (carbonized) catalyst on titanium Bekinit substrate was 
calculated by the Dynamic Analysis method of mapping from micro-PIXE data. 
PIXE spectra were obtained from irradiation with 3.0 MeV protons. X-ray lines 
correspond to the L-shell X-ray excitation from Pt and K-shell excitation from the 
rest of the elements (Ti, Cr, Fe, Cu, Zn and Ru). The map for Pt (Figure 7.26(a)) 
shows regions of homogeneous and well dispersed concentration distribution levels 
of Pt (Pt~3 %) even though some crack formation is apparent. These regions are 
undergirded by the Ti substrate fibres (Figure 7.27(b)) where Pt conc. is lower (Pt~1 
%). The Ti is distributed according to the network of Ti fibres in the GDL support 
with levels of 10-40 % by mass. A Fe signal was also detected in the Ti substrate as 
can be seen in the PIXE spectrum shown in Figure 7.27.  
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Figure 7.27 PIXE spectra of HMS/Pt/LPG catalyst on titanium substrate 
 
The substrate/ film interaction was significantly improved and much more uniform 
distribution with less agglomeration of the electrocatalyst was achieved for the Pt 
HMS (carbonized) catalyst on titanium GDL substrate electrode combination, most 
likely due to the inter particular repulsion between the HMS Si substrate supported 
Pt nanoparticles causing less agglomeration. The HMS is an isolating Si based 
support matrix and relatively hydrophobic because of its siliceous nature. Inter 
particular repulsion is thus likely. This interesting result offers scope for further 
investigation. PIXE is thus shown to be a powerful technique to determine the 
distribution and homogeneity of the electrocatalyst in the composite electrode. 
7.4.6 Conclusions on characterization of electrodes  
 
There are many different combinations of catalysts and gas diffusion layers and also 
various ways of depositing the ink on the GDL and each has an effect on the 
characteristics of the electrode. The deposition methods characterized in this section 
were brush coating and spray coating. The brush coating method was a relatively 
simple way of depositing the ink upon the electrode but non-uniformity and high 
crack formation was apparent. The spray coating technique allowed better control of 
CHAPTER 7 
_____________________________________________ 
 325
the deposition process and the layer by layer deposition allowed careful 
measurement of the degree of coating and the amount deposited. It was however a 
considerably more tedious method to prepare the electrode and electrodes were 
ultimately also prone to crack formation unless deposited layers were kept very thin 
or great care was taken not to exceed the thermal degradation point of the ionomer 
added to the ink during curing of the electrode. The Lydell 6100-300 carbon cloth 
and the Bekinit titanium mesh GDL were both found to be suitable GDL. The carbon 
cloth did not have a high physical integrity and was inclined to shed fibres during 
processing whereas the thin titanium mesh was stronger yet sufficiently flexible to 
process into MEA.  
 
It was found that supporting the electrocatalysts upon these gas diffusion layers was 
successful but that composite electrodes were not easily prepared in reproducible and 
homogeneous fashion, thus this aspect of the study required further attention, and 
different supports should be explored that may be more durable and that have a finer 
porous texture. This aspect was partially addressed in Chapter 5 and in Chapter 6. 
There is still much potential for improvement that can be achieved by using a finer 
GDL and different types of electrocatalysts. Possibly, direct deposition of the 
catalyst upon carbon fibres may result in more uniform and stable coatings, where 
after the material may be impregnated with Nafion. This deposition approach was 
investigated in Chapter 4. 
 
PIXE was found to be a relatively accurate way to establish the spatial distribution 
and % loading of catalyst per geometric area and determine whether adequate spatial 
distribution was achieved on the cathode and anode. Catalytic activity could further 
be confirmed by SECM analysis, however this was not quantitative.   
 
7.5 OPTIMIZATION OF SPE ELECTROLYZER 
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7.5.1 Components, design and configuration 
 
The various MEA tested in the SPE electrolyzer were prepared according to Section 
7.2.5. Various combinations of components were tested  (Table 7.3).  
 
Table 7.3 Summary of different membrane electrode assembly (MEA) components 
No Conditions for MEA 
assembly 
Anode GDL Anode 
catalyst 
ionomer Cathode 
catalyst 
Cathode 
GDL 
2 120ºC at 40 bars for 
2min:Flow 2mL s-1 
Toray 0% 
PTFE 
JM Pt40/C   Nafion® 
117 
JM Pt40/C   Toray 0% 
PTFE 
3 120ºC at 40 bars for 
2min 
Toray 0% 
PTFE  
JM Pt40/C  Nafion® 
117 
JM Pt40/C     Toray 10% 
PTFE 
4 120ºC at 40 bars for 
2min;Flow 2mL s-1 
Toray 6% 
PTFE  
JM Pt40/C Nafion® 
117 
JM Pt40/C   Toray 10% 
PTFE 
6 130ºC at 80 bars for 
2min;Flow 2mL s-1 
Lydall 6100-
200 
JM Pt40/C 
0.0507g / 5cm2 
Nafion® 
117 
JM Pt40/C 
0.0644g/ 5cm2 
Lydall 6100-
200 
7 130ºC at 80 bars for 
2min;Flow 2mL s-1 
Lydall 6100-
200 
JM Pt40/C 
0.0560g/ 5cm2 
Nafion® 
117 
JM Pt40/C 
0.0626g / 5cm2 
Lydall 6100-
200 
8 1300C at 80bars for 
2min; Flow 2mL s-1  
Lydall 6100-
200 
JM Pt40/C 
0.0268g/5cm2 
Nafion® 
117 
JM Pt40/C 
0.032g/ 5cm2  
Lydall 6100-
200 
9 135ºC and 40bars for 
2min; Flow 2mL s-1 
Toray 10% 
PTFE 
JM IrO2 
0.0285g /5cm2 
Nafion® 
117 
JM Pt40/C 
0.054g/ 5cm2 
Toray 0% 
PTFE 
10 1300C at 40bars for 
2min; Flow 2mL s-1 
Lydall 6100-
200 
JM Pt40/C 
0.0137g OR 
0.00915 
per 5cm2 
Nafion® 
117 
JM Pt40/C 
0.0195g 
OR 
0.023 per 5cm2 
Lydall 6100-
200 
11 1300C at 40bars for 
2min;Flow 2mL s-1 
Lydall 6100-
200 
JM Pt40/C 
0.0381g 
per5cm2 
Nafion® 
117 
JM Pt40/C 
0.0367g /5cm2 
Lydall 6100-
200 
13 135ºC at 40bars for 2 
min;Flow 2mL s-1 
Lydall 6100-
300 
JM Pt40/C 
~0.06g / 5cm2 
Nafion® 
117 
JM Pt40/C 
~0.06g / 5cm2  
Lydall 6100-
300 
14 135ºC at 40bars for 2 
min;Flow 2mL s-1 
Lydall 6100-
300 
JM Pt40/C 
~0.06g / 5cm2 
Nafion® 
117 
JM Pt40/C 
~0.06g / 5cm2   
Lydall 6100-
300 
15 135ºC at 40bars for 2 
min;Flow 2mL s-1 
Lydall 6100-
300 
JM Pt40/C 
~0.06g per 
5cm2  
Nafion® 
117 
JM Pt40/C   
~0.06g per 
5cm2  
Lydall 6100-
300 
16 135ºC at 40bars for 2 
min; Flow 2mL s-1 
Lydall 6100-
300 
JM Pt40/C 
~0.06g per 
5cm2 
Nafion® 
117 
JM Pt40/C 
~0.06g per 
5cm2   
Lydall 6100-
300 
17 135ºC at 40bars for 2 
min; Flow 2mL s-1 
Lydall 6100-
300 
JM Pt40/C 
~0.06g per 
5cm2 
Nafion® 
117 
JM Pt40/C 
~0.06g per 
5cm2   
Lydall 6100-
300 
25 135ºC at 40bars for 3 
min; Flow 2 mL s-1 
Lydall 6100-
200 
Iridium black 
0.0027g cm-2 
Nafion® 
117 
JM Pt40/C 
0.0049g cm-2 
Lydall 6100-
200 
26 135 °C at 60 bars for 
3min;Flow 4.34 mL 
s-1 
Lydall 6100-
200 
JM Pt40/C 
0.0068g cm-2 
Nafion® 
117 
JM Pt40/C 
0.007g cm-2 
Lydall 6100-
200 
28 130ºC at 40bars for 
5min; Flow 4.34 mL 
s-1 
Lydall 6100-
300 
Iridium black 
0.0045g cm-2 
Nafion® 
117 
JM Pt40/C 
0.0048g cm-2    
Lydall 6100-
300 
29 130ºC at 40bars for Lydall 6100- Iridium black Nafion® JM Pt40/C  Lydall 6100-
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5min;Flow 4.34mL s-
1 
300 0.0022g cm-2 117 0.0035g cm-2   300 
31 130 ºC 30bar 5min 
Flow 4.34mL s-1 
Etek LT 
1400-W 
JM IrO2 
0.0025 g cm-2 
Nafion® 
117 
0.00305g cm-2 GDL Etek 
LT 1400-W 
32 150 ºC 30bar 5min 
Flow 4.34ml s-1 
Etek LT 
1400-W 
JM IrO2 
0.0028 g cm-2 
Nafion® 
117 
Pt 
incorporated 
Etek Ready-
to-Press 
33 150 ºC 30bar 5min; 
Flow 3.34mL s-1 
Etek LT 
1400-W 
JM IrO2 
0.0031g cm-2 
Nafion® 
117 
Pt 
incorporated 
Etek Ready-
to-Press 
38 130ºC at 30bars for 
5min Flow 3.34mL s-
1 
Lydall 6100-
300 
0.0092 g GEFC-
112 
JM Pt40/C 
0.0085 g cm-2   
Lydall 6100-
300 
42 130 °C at140bars for 
6 min Flow 3.34mLs-
1 
Bekinit Ti 
GDL 
JM IrO2 GEFC 117 JM Pt40/C   Bekinit Ti 
GDL 
51 130ºC at140bars for 
6min;Flow 3.34mL s-
1 
Bekinit Ti 
GDL 
HM IrO2 
0.0078 g cm-2   
Nafion® 
117 
JM Pt40/C 
0.0083 g cm-2 
Bekinit Ti 
GDL 
55 130ºC at 140bar for 
6min;Flow 3.34mL s-
1 
Bekinit Ti 
GDL 
JM Ir Black 
0.0025g cm- 
Nafion® 
117 
JM Pt40/C 
0.0056g cm-2    
Lydall 6100-
300 
63 130ºC at 400 bar and 
5 min;Flow 4.2mLs-1. 
Bekinit Ti 
GDL 
JM IrO2 
0.006g cm-2 
Nafion® 
117 
JM Pt40/C 
0.001g cm-2    
Lydall 6100-
300 
64
/ 
65 
130ºC at 400 bar and 
5 min; 
Conditioned 6 days  
Flow 4.2mLs-1. 
Bekinit Ti 
GDL 
JM IrO2 
0.006g cm-2 
Nafion® 
115 
JM Pt40/C 
0.001g cm-2    
Lydall 6100-
300 
 
Numbering of the MEA combinations is not consecutive (Table 7.3) as some 
combinations were unsuccessful. The configuration and process conditions of the 
SPE system were iteratively optimized. The following section will describe the effect 
of different components, configurations and process conditions.  
 
Chrono amperometry of the MEA was performed using a power source. The 
potential was stepped up in 0.5-1.0 V steps after a dwell time of 300 s at each applied 
potential in most cases to check for MEA activity for the hydrogen evolution 
reaction (HER) and electrode stability, as is shown by example in Figure 7.28.  
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Figure 7.28 Chrono amperometry cycle used to test MEA activity for H2 production 
 
The average current density obtained at atmospheric pressure, per geometric area 
(Ag) over time for each applied potential and each MEA combination was plotted as 
a function of the current – voltage (I-V) relationship. In each case the activity for the 
HER of the various MEA tested is given as a function of current density per Ag 
specified. The hydrogen was collected initially and the amount produced at each 
temperature was recorded at the applied voltage for a specific period of time to 
ensure that the cell did not leak and no crossover or permeation occurred through the 
ionomer membrane.  
 
The influence of various parameters will be described according to incremental 
improvements obtained in cell output for different applied potential. Where 
components were altered these will be specified prior to the obtained results. Data for 
the initial experiments are presented for Ag of 5 cm2 because of the low current 
densities obtained, and once better outputs were achieved the data is normalized to 
Ag of 1 cm2. 
PLEASE NOTE: For simplicity all potentials are represented in the positive direction 
on the x–axis in the figures presented in this Chapter whereas the actual applied 
potential was negative, between -1.3 V and -2 V. 
7.5.1.1  The effect of hydrophobicity of the GDL 
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MEA series (2,3,4 and 5) were prepared using Toray carbon paper with various 
degrees of Poly-tetra-floro-ethylene (PTFE) incorporated to understand whether 
hydrophobic elements in the GDL would be beneficial to the MEA assembly and cell 
output. A further MEA series (MEA 6 and 7) were prepared on hydrophilic carbon 
cloth (Lydall 6100-200). The ink formulations used are specified in Tables 7.4 and 
7.5. 
Table 7.4 Ink formulation for MEA series 2,3 and 4 
Material used Cathode Anode 
JM Pt40/C (g) 0.2101 0.2133 
Nafion (5%) (g) 0.6774 0.6763 
De-ionized water (g) 1.0180 1.0259 
Isopropanol (g) 1.0166 1.0017 
 
Table 7.5 Ink formulation for MEA series 5 and 6 
Component Anode Cathode 
JM 40% Pt/C 0.2114 g 0.2101 g 
Nafion (5%) 0.8007 g 0.8086 g 
H2O 1.0123 g 1.0210 g 
Iso-propanol 1.0180 g 1.0206 g 
 
The ink was spray coated for MEA2 upon Toray carbon paper with 0 % PTFE that 
was used as GDL on both the cathode and anode side. In the case of MEA3 a GDL 
with 10 % PTFE (hydrophobic) was used for the cathode and for the anode a GDL 
with 0%  PTFE (hydrophilic) was used and spraycoated with the same ink 
formulation. In MEA4 a GDL containing 10 % (hydrophobic) PTFE was used as 
cathode and for the anode a GDL containing 6 % PTFE was used.  After the ink had 
been deposited and dried each electrode was coated with a thin layer of Nafion 
before hot pressing. The electrodes were combined with the Nafion membrane by hot 
pressing at 120 ºC at 40 bars for 2 min. 
 
MEA series (MEA 6 and 7) were prepared on hydrophilic carbon cloth (Lydall 6100-
200) The Nafion solution in the ink formulation was increased to about 0.8 g as the 
step of coating a thin film of the Nafion on the carbon cloth before pressing was 
eliminated because the Nafion film caused the carbon cloth to adhere to the 
polytetrafloroethylene (PTFE) liner of the hot press during lamination of the MEA. 
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The ink mixture was  brushcoated over Ag 5 cm2 pieces of carbon cloth. After each 
coat of ink the electrodes were put into an oven for 2 min at 100 ºC. The MEA was 
hot pressed at 130 ºC at 80 bars for 2min with Nafion 117 ionomer membrane to 
improved lamination of the MEA. Care was taken to improve the reproducibility of 
catalyst loading and the loading achieved is detailed in Table 7.6. The Ag of these 
MEA electrodes was 5 cm2.  
 
Table 7.6 Catalyst loading on 5cm2 for MEA 6, 7 and 8 
Mass loading 
on 5cm2 
Anode (g) Cathode (g) 
MEA6 0.0507 0.0644 
MEA7 0.0560 0.0626 
MEA8 0.0268 0.032 
NOTE: In the masses given as loadings there is always the small amount of Nafion 
used as binder in the ink formulation which remains after curing the electrode and 
which has not been corrected for in the given catalyst loading.  
 
After assembly of the MEA in the cell, the MEA was moisturized for 30 to 60 min 
before applying a voltage across the cell at 25 ºC. The water flow rate was 23.5 mL 
min-1. The overall cell resistance was 0.3 Ω for MEA2, 0.15 Ω for MEA3 and 0.072 
Ω for MEA4. This MEA combination was not stable therefore the hot pressing 
conditions were changed using a higher temperature and longer time. The cell 
resistance for MEA 6 was 0.081 Ω and for MEA 8 was 0.079 Ω.  
 
Chrono amperometry was performed using a power source between an applied 
potential of -1.3 and -2 V. The potential was stepped up after a dwell time of 300 s at 
each potential to check for MEA activity and stability. The average current density 
over 5 cm -2 for each potential step and each MEA combination was plotted in Figure 
7.29.  
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Figure 7.29  MEA output using Toray PTFE or Lydall 6100-200 carbon paper at 25 
ºC over 5 cm -2 
 
The average current density output for MEA over 5 cm -2 using Toray paper at 25 ºC 
was low but improved stepwise according to the applied potential between -1.3 and -
2.0 V as expected, for MEA 3. The low output observed for MEA 2 and 4 
combinations was ascribed to the PTFE content of the GDL.  It was also possible that 
the temperature of hot pressing was inadequate, because MEA 4 became unstable at 
an applied voltage of -1.9 V.  Ioroi et al., (2002; 2003) found that cell performance 
was not affected by the PTFE loadings on the GDL in the cathode side of 
electrolyzer cells whereas the PTFE loadings on the oxygen electrode GDL affected 
cell output considerably. However, in their study the cell was operated in both 
electrolysis mode and fuel cell mode in sequential cycles and it was largely the fuel 
cell mode that was affected. They found however, that the Nafion content in the 
electrode affected both the fuel cell and water electrolysis performance; their 
electrodes containing 7–9 wt % Nafion showed good performance. They also 
demonstrated that lower catalyst loadings could be applied without detrimental effect 
and that a small % of Ir added to the anode would improve the fuel cell cycle without 
impeding the electrolytic cycle. Because this study was restricted to optimizing the 
SPE electrolyzer mode, and because the results of MEA formed with PTFE content 
in the GDL were low overall the Toray hydrophobic GDL were not tested further.   
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The results of MEA series 6 and 7 and an additional replicate (MEA 8) were 
reasonably reproducible, with MEA 6 giving slightly higher output (980 mA per 
5cm2 at -2 V) compared to MEA 7 and 8 (841 and 844 mA respectively per 5cm2 at -
2 V). All MEAs that were assembled using the hydrophilic Lydall 6100-200 GDL 
were significantly more active than those prepared using PTFE coated Toray paper. 
The increase of the cell temperature in the case of MEA 8 significantly improved the 
cell output to above 1 A per 5 cm2  at -2.0 V.  The moisturization time of the MEA 
had a significant effect upon overall cell resistance with moisturization time 
inversely correlating with  resistance as is shown in Figure 7.30. 
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Figure 7.30 Effect of MEA moisturization time upon overall cell resistance 
 
The change in cell resistance due to moisturization time is a function of the water 
uptake into the Nafion® membrane, and it can be expected that the thickness of the 
Nafion® film as well as the amount of Nafion® ionomer incorporated as binder in the 
ink formulation would have an effect on the time required before the MEA is fully 
moisturized. It was therefore necessary to test all MEA at the same time after 
commencement of moisturizing to eliminate this extraneous variable and this 
moisturization time was set at 30 min for initial tests. Thus it is evident that 
preliminary testing was not fully optimized as the tests were performed before the 
water content of the ionomer was properly equilibrated and thus an incomplete level 
of proton conduction may have added to cell resistance. 
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7.5.1.2 The effect of catalyst loading 
The effect of catalyst loading was assessed in MEA 10 and MEA 11 using the Lydall 
6100-200 GDL and hot pressing conditions of 130 ºC at 40 bars for 2 min. In these 
combinations the JM Pt40/C catalyst loading on MEA 10 was 0.0137 g on the anode 
and 0.0195 g per 5 cm2 on the cathode, whereas in MEA 11 the loading was 0.0381 g 
and 0.0367 g per 5 cm2 respectively, (more or less double the amount) which in both 
cases was considerably less catalyst than was used in the MEA 6 and 7 series. All 
other variables were kept as constant as possible (except for temperature which was 
20 ºC in this case) and the tests were performed as previously specified. The current 
density of the two MEAs with different catalyst loading is compared in Figure 7.31 
(a). 
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(Thamahane, 2005) 
Figure 7.31 Effect of catalyst loading on current density 
 
The effect of catalyst loading on current density at 20ºC for JM Pt40/C catalyst could 
be discerned (Figure 7.31(a)). At higher temperatures the MEA both became 
unstable and output decreased dramatically. Even though MEA 10 and MEA 11 had 
considerably less catalyst on both anodes and cathodes than the previous series, the 
current density at 20 ºC was equivalent to the previously tested MEAs in the case of 
MEA10, which only had 0.0137 g per 5 cm2 JM Pt40/C on the anode and 0.0195 g per 
5 cm2  of JM  Pt40/C on the cathode. MEA 11 showed a better output than the 
previous series at -1.9 V with a catalyst loading of 0.0381 g JM Pt40/C per 5 cm2  on 
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the anode and 0.0367 g JM Pt40/C per 5 cm2  on the cathode. The series (MEA 6 to 8 
and MEA13 to 17) had approx 0.06 g JM Pt40/C per 5 cm2 on either side of the 
MEAs. This result highlights the importance of using no more than necessary of the 
expensive Pt catalyst. The loading of the IrO2 catalyst on the anode was also shown 
to require optimization (Thamahane, 2005). In that study an optimum loading of IrO2 
was achieved at 0.005 g cm-2 as is shown in Figure 7.31 (b).  The decrease in 
performance observed at the higher temperature Figure 7.31 (a) was ascribed to 
excess accumulation of gas in the cell and further testing was performed to eliminate 
this problem. The cell was there after operated in a vertical position with the water 
outlets on top to allow gas egress due to gravity. The change in cell orientation 
resulted in a continuous flow of fine bubbles being observed in the water outlet 
tubes. With the change of position of the cell the improved flow significantly 
reduced the electrode blinding problems, which showed that the effects of gravity 
need to be kept in mind. 
7.5.1.3 Reproducibility and stability of MEA assembly 
Reproducibility and stability of MEA assembly was tested in a series of MEAs, 
MEA 13 to 17, assembled using similar process conditions and the same 
components. The ink formulation used for this series is shown in Table 7.7. 
 
Table 7.7 Ink formulation used for MEA 13 to 17 
Component Anode (g) Cathode (g) 
Pt catalyst 0.2131 0.2123 
Water 1.0362 1.0399 
Nafion (5 %) 0.8086 0.8042 
Iso-propanol 1.0089 1.0023 
 
The inks were stirred overnight and then electrodes were prepared. The mass of JM 
Pt40/C catalyst loaded was typically 0.06 g per 5 cm2 on the anode as well as on the 
cathode side respectively. This ink formulation had a somewhat higher Nafion 
ionomer content than used in previous ink formulations, in order to improve 
adhesion of layers and limit delamination problems. 
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Reproducibility was tested in the assembly of MEA 13,14,15,16 and 17 using the 
Lydall 6100-300 GDL for the cathode as well as the anode and the following hot 
pressing conditions: 135 ºC at 40 bars for 2 min. The JM Pt40/C catalyst was used on 
both anode and cathode side and catalyst loadings varied somewhat but was around 
0.06 g per 5 cm2 for both the cathode and the anode. 
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Figure 7.32 Replication study of steady 
state current density output at -1.7 V of 
MEA 13 to 17       
Figure 7.33: Current density trend over time 
after 24h (-1.8V) and after 48h (-1.75 V) for 
MEA 13 
 
The current output was obtained at -1.7 V to prevent delamination, as above this 
potential vigorous evolution of gas was observed.  Testing of the MEAs at room 
temperature (Figure 7.32) and -1.7 V over a period of time showed that even though 
catalyst loading on the electrodes varied somewhat, a relatively reproducible but low 
initial current density output of between 100-140 mA over a geometric area of 5 cm2 
at -1.7 V (an average of about 25 mA cm-2 at -1.7 V and 25 ºC) was achieved which 
output was not stable over time, decreasing to below 60 mA over 5 cm2 at -1.7 V 
after 80 min. The use of the Lydall 6100-300 GDL apparently did not have any effect 
upon the performance of the cell as the output at -1.7 V was similar to the output at 
that potential when Lydall 6100-200 GDL was used previously. The only difference 
between these two GDL materials from the same supplier was the thickness of the 
GDL layers. Increasing the applied voltage to -1.8 V (MEA 13) increased the current 
density as expected, to an output of 180 mA over an Ag of 5 cm2. The catalyst 
loading varied in these tests but the lack of sensitivity of the cell output to the degree 
of catalyst loading indicated that the Pt catalyst was not being applied to good effect 
and that catalyst loading could be optimized. Furthermore the lack of stability 
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indicated a degradation of the MEA over time. The MEA 13 tested above was further 
tested for durability over time at room temperature at a fixed applied voltage by 
restarting the test after 4 and 24 h at -1.8 V, and thereafter after 48 h at -1.75 V 
(Figure 7.33).  Current density after 24 h and 48 h in Figure 7.33 are aggregate 
figures from data obtained over 1 h at the time specified. It is interesting to note that 
the MEA returned to above the initial outputs (obtained at lower potential) when 
restarted after 24 and after 48 h and slowly lost output over the hour tested.  This 
indicates the occurrence of a reversible process which is eliminated during the 
resting periods.  It was not clear whether the observed deterioration of the 
performance of the MEA over time was due to some degradation during testing or 
whether the low output was still due to a gas transport problem with accumulation of 
gases in the cathode and/or anode compartment or blinding of the electrodes under 
an applied potential. Since the process was reversible it was more likely to be the 
latter case. An increase in the water flow rate may further reduce the gas 
accumulation. 
 
7.5.1.4 The effect of using an iridium oxide catalyst for the anode 
In order to assess the effect of the anode catalyst type on current density and improve 
the MEA stability MEA 9 was assembled with HM IrO2 catalyst as anode catalyst 
made as specified in Section 7.3.3.3, using ink formulations specified in Table 7.8. 
 
Table 7.8 Ink formulation used for MEA 9 
Component Anode Component Cathode 
HM IrO2 0.2145 g 40% Pt 0.2151 g 
H2O 0.5 cm3 H2O 1.041 g 
Nafion (5%) 1 cm3 Nafion (5%) 0.6754 g 
Iso-propanol 1.5 cm3 Iso-propanol 1.0104 g 
 
HM IrO2 loading on the anode on Toray 10% PTFE GDL was 0.0285 g per 5 cm2 
and JM Pt40/C loading on the cathode Toray 0% PTFE was 0.054 g per 5 cm2. The 
MEA was formed by hot pressing at 40 bars and 135 ºC for 2 min and tested under 
identical conditions as specified above. The cell resistance was 0.33 Ω. The average 
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current density after a dwell time of 1000 s at each applied potential obtained for the 
5 cm2 MEA for different temperatures is presented in Figure 7.34 and Table 7.9. 
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Figure 7.34 Output of MEA 9 with  HM 
IrO2 anode catalyst at different temperatures   
 
 
A clear trend of increasing current density output (mA per 5 cm2) was observed 
when the temperature was increased step wise after each experiment at a specific 
temperature and at the specified applied potentials between -1.3 and -2 V. The 
current output achieved for this MEA in the electrolyzer test at -2.0 V and at 25 ºC 
was lower (250 mA per 5 cm2) than that achieved over Pt catalysts (980 mA per 5 
cm2).  This poor performance could have been due to the use of the PTFE loaded 
Toray GDL as this GDL type previously gave poor results most likely because of 
exclusion of the feed water from the GDL due to its hydrophobicity.  This MEA was 
also tested for durability over 5 days after steady state polarization at -2 V. Table 7.9 
specifies the current density obtained on 5 cm2 over 1000 s at -2 V and at different 
temperatures for MEA 9. 
 
Table 7.9 Current density over time for MEA 9 with IrO2 anode at different 
temperatures 
Temperature Volts Time Current 
250C -2 V 1000 s 97 mA 
400C -2 V 1000 s 187 mA 
600C -2 V 1000 s 301 mA 
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Under steady state polarization the output of MEA 9 with HM IrO2 anode catalyst 
was stable for 5 days, whereas previous MEAs prepared with Pt containing anodes 
degraded after 2 days of steady state polarization.  This result showed that the 
problem of MEA durability could be improved by application of the IrO2 catalyst on 
the anode and indicated that catalyst type and stability may have a role in preventing 
the degradation of the MEA performance over time.  
7.5.1.5 The effect of an iridium black catalyst for the anode 
In a further experiment MEA 28 and 30 were prepared using the ink formulation 
specified in Table 7.10. The catalysts used were JM Pt40/C on carbon for the cathode 
and J.Matthey Iridium black 99.8% (Stock # 12071, Lot # K01M11) for the anode. 
The electrode size was 4 cm2 but the data presented in Figures 7.35 and 7.36 have 
been normalized to 1cm2. The anode loading was 0.0045 g cm-1 and the cathode 
loading was 0.0048 g cm-1 in the case of MEA 28 and in the case of MEA 29 the 
loading was 0.0022 g and 0.0035 g respectively. 
 
Table 7.10 Ink formulation for MEA 28 and 29  
  Anode Cathode 
Catalyst 0.1072 g 0.1071 g 
Water 0.25 cm3 0.25 cm3 
Nafion soln (5%) 1.2476 g 1.2477 g 
Iso-propanol 0.5 cm3 0.5 cm3 
 
 The MEAs were assembled using hot pressing conditions of 40 bars at 130 ºC for 5 
min with GDL 6100-300 for both cathode and anode and Nafion®117 as ionomer 
membrane and tested in the cell at a flow rate of 4.12 mL s-1. Cell resistance was 
171.187 mΩ. The comparison of the IrO2 anode catalyst with commercial JM Ir 
Black as anode catalyst at 40 ºC is presented in Figure 7.35.  
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Figure 7.35 Comparison of current 
density (mA cm-2) of JM IrO2 with JM 
Ir Black (MEA28 and MEA 29) at 40ºC 
Figure 7.36 Replication study of current 
density (mA cm-2) using Ir black as anode 
catalyst at -1.7 V 
 
Figure 7.36 shows that an optimum catalyst loading on the anode or cathode may 
affect the cell output, since MEA 28 which had the higher anode and cathode catalyst 
loading performed at more than 250 mA cm-2 at -1.7 V and 40ºC whereas MEA29 
with significantly lower catalyst loading on the anode gave a lower current density 
output of under 200 mA cm-2. Figure 7.36 shows the replication studies performed 
on Ir black anodes assembled into MEAs and tested at fairly similar catalyst loadings 
under similar conditions. The temperature was increased at a fixed potential of -1.7 
V and the results also indicated that increased activity could be expected at higher 
temperatures once stability of the MEA could be achieved. Figure 7.36 also shows 
that replacing the GDL 6100-300 with the Bekinit titanium mesh GDL on the anode 
side (sample Ir Black on Ti GDL) had little overall effect on cell output in this case. 
The Ti GDL delaminated during testing when hot-pressed under the same conditions 
as the other MEAs, so the hot-pressing time should be increased in order to improve 
the contacts between the components.  
 
These results show that applying IrO2 or Ir black by itself as anodic catalyst is not the 
only factor requiring attention for improving cell output of the SPE electrolyzer. 
Various other factors such as ink formulations and deposition conditions (adding 
different amounts of proton conductive phase as binder, loading different amounts of 
catalyst), components used (different catalysts or use of hydrophobic vs hydrophobic 
GDL), operational conditions (changing operating temperature, or moisturization 
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time), may all affect the output of the cell.  The multi-variant complexity of 
assembly, operation and testing an SPE electrolyzer makes this system a very poor 
choice as system for testing catalyst activity per se or for assessing the quality of 
electrodes or the effect of different components. 
7.5.1.6 Effect of ionomer membrane type 
Replacing the Nafion® membrane in the MEA by using Chinese GEFC-11N type 
GEFC-112 with conductivity of 0.1 S cm-1 (25 °C) was tested in order to establish 
whether a thinner ionomer membrane could reduce cell resistance and improve 
output accordingly. New MEAs were prepared using the thin Chinese proton 
conductor, GEFC-11N type GEFC-112 (Perfluorinated Proton Exchange Membrane) 
to separate the anode cathode compartment of Proton Exchange Membrane (PEM) 
water electrolyzer. The MEA 38 was prepared using Lydall carbon cloth 6100-300 
and JM Pt40/C catalyst (Lot#D20K28) on both cathode (loading 0.0085 g cm-2) and 
anode side (loading 0.0092 g cm-2). The cell was tested at a flow rate of 3.34 mL s-1 
and cell resistance was between 146.91, 112.05, 77.14, and 69.72 mΩ respectively 
for each temperature tested (23, 30, 50 and 70 °C).  The current density (mA cm-2) 
obtained at various applied voltages and temperatures are shown in Figure 7.37. 
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Figure 7.37 Current density (mA cm-2) for MEA 38 prepared with Chinese ionomer 
membrane GEFC-11N type GEFC-112 
 
No current density increase was observed with an increase in applied voltage. The 
results shown in Figure 7.37 were not encouraging, as it appeared that the thin 
ionomer membrane may allow gas diffusion. The overall cell resistance indicated 
that the MEA did, however, maintain its integrity during testing. Cyclic voltammetry 
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was performed to understand whether there was a possibility of short circuit by 
penetration of the MEA during hot pressing. The cyclic voltammogram did not 
indicate any short circuit caused by perforation of the membrane. The conclusion 
drawn was that the membrane was too thin and may allow gas diffusion, or otherwise 
proton conduction degradation occurred during the experiment by instability of the 
membrane. 
 
The effect of using the thicker Chinese proton conductor, GEFC-11N type GEFC 
117 (Perfluorinated Proton Exchange Membrane) was tested in MEA 42. The ink 
formulation used is shown in Table   7.11. 
 
Table 7.11 Ink formulation for MEA 42. 
  Anode Cathode 
Catalyst type  JM IrO2 JM Pt40/C
Catalyst quantity (g) 0.1072 0.10725 
Water (cm3) 0.25 0.25 
Nafion (5%) soln (g) 1.245 1.2459
Iso-propanol (cm3) 0.5 0.5 
 
The inks were brush coated upon the respective anode and cathode GDL. The 
catalyst loading on the anode was 0.00457 g cm-1 and on the cathode 0.00475 g cm-1. 
The thin Bekinit titanium GDL was applied on both anode and cathode side and hot 
pressing conditions used were a pressure of 140 bars and a temperature of 130 °C 
and a time of 6 min. These more stringent conditions were applied to properly 
laminate the ionomer and the rigid Ti GDL layers. The cell resistance of MEA 42 
was 249 mΩ. The flow rate of water was 3.34 mL s-1. The current density obtained 
for MEA 42 is shown in Figure  7.38. 
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Figure 7.38 The current density (mA cm-2) of MEA 42 using GEFC-11N type GEFC 
117 ionomer 
 
The activity of this MEA was quite high with an output of nearly 300 mA at -1.7 V 
at 70 ºC even though the catalyst loading on the cathode side was low, and the ideal 
MEA pressing conditions had not yet been established for the relatively rigid Bekinit 
Ti GDL. Thus the replacement industrial ionomer of similar thickness to the Nafion® 
ionomer did not negatively affect the cell performance and neither did the application 
of the Ti GDL and these results show the potential of using alternative cheaper 
commercial components in MEA assemblies. However various commercially 
available materials may not all be suitable as components for the SPE electrolyzer as 
can be seen in the case of the ionomer. 
7.5.1.7 Effect of catalyst deposition method 
MEA 26 was prepared using a different ink composition and deposition method 
using the usual hydrophilic carbon gas diffusion layer (6100-200AC). The ink was 
prepared, with the composition shown in Table 7.12.  
 
Table 7.12 Ink Composition for MEA 26 
  Anode Cathode 
Catalyst 0.050 g 0.050 g 
Water 0.3999 g 0.4056 g 
Nafion (5%) 0.2086 g 0.2002 g 
Iso-propanol  nil  nil 
 
This mixture with no additional solvent, apart from water and the solvent inherent in 
the Nafion solution, was placed in the ultrasound bath for 1 min then magnetically 
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stirred for 10 min and again put in the ultrasound bath for another 5 min. The 
catalytic ink was then brush coated onto the carbon gas diffusion layer.  The MEA 
was hot pressed at 60 bars and 135 °C for 3 min. The MEA size was 4 cm2. The flow 
applied in this experiment performed using MEA 26 was 4.34 mL s-1.  Each data 
point obtained was stable over 300s during chrono-coulometry with the GPES 
system.  The cell resistance was between 133.62 mΩ over the time of the experiment.  
However, although this ink formulation allowed a high catalyst loading (0.0068g cm-
2) on the GDL, the high catalyst loading did not correlate with high current density 
(only between 22-38 mV cm-2 at 1.8 V at 25 ºC), compared to the results obtained 
previously. 
 
A further set of experiments was performed in which the aim was to determine the 
performance of catalyst, using unsupported cathode and anode catalysts deposited 
directly onto the ionomer membrane.  MEAs were prepared according to the 
procedure described by Ioroi et al (2002). As an anode catalyst, commercial JM IrO2 
was processed into an ink that was dispersed on a 5 cm2 PTFE sheet used as transfer 
decal. The same procedure was done for the cathode catalyst using the JMPt40/C. The 
PTFE sheets were dried at 80 °C, then the electrocatalyst-coated PTFE sheets were 
placed on both sides of the pre-treated 117 Nafion membrane and finally hot-pressed 
to form a MEA at 130 °C. After hot-pressing the PTFE sheets were gently removed 
leaving the catalyst attached onto either side of the Nafion membrane and this 
composite was placed directly against the Ti frits without any additional GDL. The 
catalyst loading on PTFE for MEA IrO2 sample was 0.0013 g cm-2 on the anode and 
0.0025g cm-2 JM Pt40/C on the cathode. The MEA pressing conditions were 140 bars 
at 120 °C for 3 min. The MEA size was 5 cm2. However the results that were 
obtained from this literature referenced method were very poor compared to the 
results that had been obtained using the carbon hydrophilic gas diffusion layer (6100-
300). The maximum current density of 93.6 mA cm2 at 70 ºC, was far lower than 
what was obtained previously. This confirms the vital role that adequate gas 
diffusion has on the outcome of the overall MEA output. 
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7.5.1.8 Effect of water flow rate, water purity and temperature 
 
The effect of the water flow rate was evaluated with MEA 25. The anode catalyst 
was Iridium Black (Alpha Aesar Lot#K01M11, Stock#12071) and the cathode 
catalyst was JM Pt40/C. The MEA size was 4 cm2 and the anode and cathode GDL 
was Lydall 6100-200 carbon cloth, with a loading of 0.0107 g catalyst on the anode 
and 0.0198 g catalyst on the cathode per 4 cm2. The ink composition is given in 
Table 7.13.  
 
Table 7.13   Ink Composition for MEA 25 
Component Mass 
Catalyst 0.1072 g 
Water 0.25 cm3 
Nafion (5%)  1.2487 g 
Iso-propanol 0.5 cm3 
  
MEA assembly conditions applied were a pressure of 40 bars and a temperature of 
135 ºC for 3 min. Each data point obtained was stable over 300 s during chrono-
coulometry with the GPES system.  The results were obtained at 23 ºC. Three 
different water flow rates were applied namely 2 mL s-1, 3.27 mL s-1 and 4.2 mL s-1. 
The cell resistance was 164 mΩ. The current density obtained when altering the flow 
rate of water is presented in Figure 7.39. The direct correlation between flow rate and 
current density is shown in Figure 7.40. 
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Figure 7.39 The effect of the water flow 
rate on current density (mA cm-2) at 23 
ºC for MEA 25 
Figure 7.40 Positive correlation between 
flow rate and current density (mA cm-2) at 
applied voltages between -1.6 and -1.8 V   
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Figure 7.41 The effect of increasing 
temperature at a potential of -1.7 V on 
current density (mA cm-2) for MEA 25    
Figure 7.42 Comparison of current density 
(mA cm-2) of MEA 25 with MEA 28 and 
29 at -1.7 V      
 
An increased flow of water from 2 mL s-1 to 3.27 mL s-1 through the cell improved 
the cell output considerably from 117 to between 262 and 275 mA cm-2 at the 
specified conditions because of the more efficient removal of generated gas which 
would otherwise occlude the electrode surfaces and also increase the resistance of the 
cell (Figure 7.39). Further increasing the flow did not improve the cell output for this 
MEA therefore it is evident that an optimum flow rate was achieved at 3.27 mL s-1  
for this laboratory scale electrolysis module testing system. After a flow of 3.27 mL 
s-1 it was deemed that no further accumulation of gases causing blinding and 
occlusion of catalytic sites would have occurred as the flow rate increase showed no 
further improvement.  
 
In a separate test, the performance of the cell was severely impacted by the use of tap 
water instead of ultrapure water as feed and the detrimental effect of an impure feed 
stream upon cell performance highlighted the necessity of providing consistently 
high purity water to an SPE electrolyzer if catalyst poisoning or ionomer degradation 
is to be prevented. 
 
The effect of increasing temperature at a fixed applied potential on current density 
for MEA 25 is shown in Figure 7.41. When the temperature was incrementally raised 
over time at the same applied potential (-1.7 V) the current density improved, as was 
previously observed for MEA 9. It is worth noting that the MEA 25 produced current 
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densities that were over range for the Autolab at -1.8 V for the geometric surface 
area tested (4 cm-2, but reported as 1 cm-2) which may have affected the results 
obtained at the higher ranges. 
 
Several more MEAs were made in the same manner with only slight differences in 
the GDL components (using Lydall carbon cloth 6100 300 or 6100-200 GDL) used 
for assembly and compared to MEA 25 as is shown in Figure 7.42.  These 
adjustments in the MEA preparation procedure did not show a significant effect on 
performance. MEA 28 was prepared using the Lydall GDL 6100 300 compared to 
the 6100-200 GDL and a higher anode loading of catalyst and performed somewhat 
better than MEA 25. MEA 29 was made using an ink that was ultra-sounded for 30 
min before deposition. The purpose of increasing ultrasound time was to ensure high 
dispersion of the catalyst particles in the ink, however, this additional processing step 
did not apparently lead to higher activity. It is also noteworthy that MEA 29 was 
tested at a high temperature of 70 ºC and this MEA was robust enough to withstand 
the high degree of gas evolution at this temperature.  
 
7.5.1.9 Comparison with industrial GDL components 
The objective of the following experiments was to further assess industrially 
available GDL materials. Etek carbon cloth GDL and Bekinit Ti GDL materials were 
assessed. By changing the GDL the assembly conditions of the MEA required 
optimization for each new type of GDL. Contact between the membrane and the 
electrode is very important to minimize cell resistance. Moreover, sometimes too 
much pressure and an overly long hot pressing time or too high temperature may 
result in ionomer membrane damage. The Etek materials came with manufacturer 
specified conditions for hot pressing and these were followed. In the case of the Ti 
GDL optimized conditions were determined (Thamahane, 2005), and applied in this 
study. 
 
MEA 31 was prepared using GDL Etek LT 1400-W for both the cathode and anode 
side whereas MEA 32 and MEA 33 were prepared using Etek LT 1400-W as GDL 
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for the anode with the JM IrO2 catalyst and Etek Ready-to-Press-to-MEA (ionomer 
incorporated) for the cathode which is a Pt and Nafion impregnated carbon cloth on 
the cathode side. In the case of MEA 32 and 33 the catalyst loading was not specified 
in the case of the commercial Pt containing Etek GDL. 
 
MEA 31, 32 and 33 were prepared using commercial J.Matthey Iridium (IV) oxide 
99.99 % ink painted on the anode. The anode catalyst loading for MEA 31, 32 and 
33 was 0.0025, 0.0028 and 0.0031 g cm-2 respectively. The cathode loading in the 
case of MEA 31 was 0.00305 g cm-2 of JM Pt40/C. 
 
The cell resistance for MEA 31 ranged from 313 to 270 mΩ; for MEA 32 from 244-
164 mΩ;  and for MEA 33 from 223 to 179 mΩ. The cell resistances started 
somewhat high at 23 ºC and decreased during testing at higher temperatures (50-70 
ºC). Thus the two MEAs prepared with the Etek Ready-to-Press-to-MEA Pt and 
ionomer incorporated GDL on the cathode had lower cell resistances than that of 
MEA 31 made with Etek LT 1400-W on both cathode and anode sides. 
 
The recommended Etek GDL LT 1400-W MEA pressing conditions were 30atm at 
130 ºC for 5min, which were used. The MEA 31 and 32 were tested under a flow of 
water of 4.34 mL s-1 at 30, 40 and 60 °C respectively and MEA 33 was tested under a 
flow of 3.34 mL s-1. The results obtained (Figure 7.43) were not as high as the 
current density (mA cm-2) of MEA 25 and 29 previously obtained at -1.7 V and 30 to 
60ºC as can be seen in Figure 7.44. However, the anodic catalyst was also different 
as the previous MEAs were prepared using JM Ir Black which may account for the 
differences observed. 
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Figure 7.43 Comparison of current 
densities (mA cm-2)  obtained for MEA 
31, 32 and 33 using Etek GDL 
Figure 7.44 Comparison of current 
densities (mA cm-2)  obtained for Etek 
materials with MEA 25 at low 
temperatures  
 
Due to the parameters that varied the results obtained for MEA 31, 32 and 33 are not 
similar and no clear trend could be discerned except the effect of temperature. MEA 
32 became unstable at 50 ºC and MEA 33 performed the best at a high temperature 
with an output of about 200 mA cm-2 at -1.7 V and 70 ºC. These results however, 
indicate that neither the Etek gas diffusion layer nor the Etek catalyst containing 
GDL are critical parameters for high performance but that Lydall 6100-200AC GDL 
is probably a better GDL to use. However, the durability of the Lydall materials is 
not exceptionally good. Therefore the Bekinit Titanium mesh was further evaluated 
as GDL. A series of MEAs were prepared using the Ti GDL. The ink formulation for 
MEA 51 is shown in Table 7.14. 
 
Table 7.14 Ink formulation for MEA 51 
  Anode  Cathode  
Catalyst type  HM IrO2   JM Pt40/C  
Catalyst quantity (g) 0.0504 0.0497 
Water (g) 0.25 cm3 0.25 cm3 
Nafion (5%) soln (g) 0.0622 0.0599 
Iso-propanol (g) 0.5 cm3 0.5 cm3 
 
A catalyst, HM IrO2 prepared at 350 ºC and annealed at 450 ºC, was used as anode 
catalyst for MEA51 and the JM Pt40/C was used as the cathode catalyst and Nafion® 
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117 as ionomer membrane. The ink was brush coated on the cathode (loading 0.0083 
g cm-2) and on the anode (loading 0.0078 g cm-2).  Bekinit Ti GDL was used on both 
the cathode and anode side. Nafion® membrane 117 was used, as previously, for the 
ionomer membrane.  The hot pressing conditions that were applied to form the 
MEA51 were a pressure of 140 bars, at 130 ºC for 6 min. The flowrate of water was 
3.34 mL s-1. The results of chrono amperometry of MEA 51 are presented in Figure 
7.45 and compared with replicated results in Figure 7.46 at 80 ºC. The cell resistance 
of MEA 51 varied with temperature and the inverse correlation is shown in Figure 
7.47. 
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Figure  7.45 Chrono amperometry of 
MEA51 at different temperatures; 
flowrate of water 3.34 mL s-1 
Figure 7.46 Comparison of current 
density (mA cm-2)  of MEA 51 with 
replicate MEA52 at 80 ºC 
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Figure 7.48 Current density (mA cm-2) of 
MEA 55 with Ti fibre anode and Lydall 
6100-300 cathode GDL 
 
Good replication and high outputs were achieved in the range between -1.5 and-1.7 
V compared to previous results. A high current density of nearly 500 mA cm-2 was 
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obtained at -1.7 V and at 80 ºC (Figure 7.46), which could be replicated and was 
similar to that obtained by Thamahane (2005). 
 
A further experiment was performed with MEA55 (Figure 7.48) where the GDL 
used for the cathode was the Lydall 6100-300 and the anode used was the Ti GDL. 
The ink formulation used is shown in Table 7.15.  
 
Table 7.15 Ink formulation for MEA55 
  Anode Cathode  
Catalyst type  Iridium black Platinum 
Catalyst quantity (g) 0.04 0.05 
Water  0.2 cm3 0.25 cm3 
Nafion (5%) soln (g) 0.048 0.06 
Iso-propanol (g) 0.4 cm3 0.5 cm3 
 
Catalyst loadings differed in the MEA 55 compared to MEA 51 and 52 prepared 
previously due to the problem of changes in the viscosity of inks as a result of the 
volatility of the solvent isopropanol during ink processing. The loading for the 
MEA55 was 0.0025 g cm-2 for the anode and 0.0056 g cm-2 for the cathode. The hot 
pressing conditions were 140 bar at 130 ºC for 6 min. Cell resistance varied from 700 
to 300mΩ depending on the temperature applied. The flow rate of water was 3.34 
mL s-1. The current density at different temperatures and applied potentials is 
presented in Figure 7.48. The output of this MEA was slightly lower at -1.7 V than 
MEA 51. However, when the potential was increased to -2 V at 80ºC an output 
current density of nearly 1200 mA cm-2 was achieved.  
 
The fact that MEA 51 was somewhat more active than MEA 55 may possibly be 
ascribed to the use of the Bekinit Ti mesh on both anode and cathode side of MEA 
51. The anode catalyst loading of MEA55 was also considerably lower (0.0025 g cm-
1 compared to 0.0078 g cm-1 in the case of MEA51) and could have affected the 
output as well.  Too much catalyst on the surface might also have had an effect on 
the mass transport of water in the case of MEA51 which may have affected the 
performance. Nevertheless, the current density for MEA 51 of about 550 mA cm-2 at 
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80 ºC and 1.7 V was close to that obtained by Ioroi et al., (2002) for IrO2/Pt 
composites. These values were, however, still not equivalent to other values reported 
in literature (Millet et al., 1989; Khaselev et al., 2001; Hijikata et al., 2002) but it 
should be considered that the output is given for one geometric cm2 and can be 
increased by increasing the geometric area of the cell or increasing the operational 
temperature.  
7.5.1.10 Durability study 
A durability study was performed on MEA 55 (prepared as is described in Section 
7.5.1.7) at 60 °C and -1.7 V. The electrolyzer operated at atmospheric pressure and at 
a water flow rate of 3.17 mL s-1. The electrode geometric area was 1 cm-2 and results 
of the durability study are presented in Figure 7.49. 
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Figure 7.49 Durability study of HM IrO2 catalyst applied in MEA 55 at -1.7 V 
 
Stability tests were initially performed of the MEA55 at -1.7 V and 80 °C giving a 
current density of 581 mA cm-2 at the beginning in the first cycle (Figure 7.49). 
Thereafter the temperature was lowered to 60 °C and a stable output of 400 mA cm-2 
was achieved for 6 h.  The MEA testing was stopped overnight after each subsequent 
6 h testing period and cooled down, and a lower output was observed upon start up 
after each shut down cycle period. A continuous testing system should be 
implemented to prevent this problem. It is not clear why the output was lower in this 
case after restarting the durability test, whereas previously transient changes were 
observed that were eliminated by intermittent testing. 
 
60 ºC 
80 ºC 
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Replication of the durability study with continuous testing was performed using JM 
IrO2 as anode catalyst and also using a lower loading of the HM IrO2 catalyst with 
other variables kept constant. Catalyst loadings differed in the various MEAs 
prepared due to the problem of viscosity of inks previously mentioned. The loadings 
on the anodes were 0.0072 g cm-2 for the JM IrO2 MEA (JM) sample that was stable 
for 900 h, but was 0.0059 g cm-2 for the MEA sample marked HM IrO2 tested for 
200 h and 0.0042 mg cm-2 for the HM IrO2 low loading sample, that was stopped 
after 60 h. 
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Figure 7.50 Replication study of MEA durability at 60 °C and -1.7 V at atmospheric 
pressure and water flowrate of 3.17 mL s-1. 
 
The MEA (sample HM IrO2) was tested for 200 h (Figure 7.50) where after the 
activity decreased. The cell output under continuous operation was however 
generally higher (approximately 550-600 mA at -1.7 V) and much more stable than 
the output seen for MEA55 which decreased from about 580 mA to below 400 mA at 
-1.7 V after interrupted testing. Hence the problem of decreasing activity observed 
during the intermittent testing was eliminated by continuous testing. It is surmised 
that the slow decrease in activity over time could be because of contamination of the 
ultrapure water which was recycled or to slow degradation of the anode catalyst. If it 
was due to a reversible problem such as inadequate gas removal the output would 
have decreased as previously observed prior to optimization of flow rates and cell 
position. The HM IrO2 low loading sample underperformed because of the lower 
catalyst loading on the anode, but still gave a steady output of above 400 mA cm-2 
for 60 h under the applied conditions. 
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7.5.1.11 The optimized MEA conditions 
In a further series of MEAs the optimization of fabrication of electrodes compared to 
previous MEA series was achieved. Various parameters were implemented that had 
been shown to have an effect previously and conditions of preparation were adjusted 
accordingly. Parameters that were improved and are demonstrated in the case of 
MEA63 included 3 h ultrasound of the ink formulation and spray coating of the ink 
using a Badger airbrush. The ink formulation used is shown in Table 7.16 
 
Table 7.16 Ink formulation for MEA 63, 64 and 65 
  Anode Cathode  
Catalyst type  JM IrO2 JM  Pt40/C 
Catalyst quantity (g) 0.080 0.192 
Water (g) 0.160 0.384 
Nafion (5%) soln (g) 0.480 1.152 
Iso-propanol (g) 1.440 3.456 
 
In the preparation of MEA 63, 64 and 65, electrodes sizes of 12 cm-2 were prepared 
for the cathodes and anodes and divided into 4 cm2 pieces for each MEA in order to 
minimize differences in the electrode morphologies and loadings. The ink was spray 
coated in layers and dried with a blow-drier then weighed in between each layer. The 
Pt catalyst loading was minimized by depositing 0.001 g cm-2 JM Pt40/C on the 
cathode and using an optimum loading of 0.006 g cm-2 JM IrO2 on the anode. 
Nafion® 117 was used as ionomer in the case of MEA 63 and Nafion®115 in the case 
of 64 and 65. Bekinit Ti GDL was used for the anode and Lydall 6100-300 was used 
as GDL for the cathode. The MEAs were hotpressed at 400 bar at 130 ºC and 5 min, 
and tested at atmospheric pressure and a flow rate of 4.2 mL s-1. Figure 7.52 shows 
the current density at different temperatures for MEA 63. 
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Figure  7.51 Current density (mA cm-2) of 
MEA 63 at atmospheric pressure; flow rate 
4.2 mL s-1 
Figure 7.52 Replicate of MEA 63 tested 
at atmospheric pressure; flow rate 4.2 
mL s-1 
 
The current density (mA cm-2) of MEA 63 was obtained at atmospheric pressure at a 
flow rate of 4.2 mL s-1 after 6 days of conditioning (Figure 7.51). Sample (80repl) is 
a replicate MEA tested under similar conditions after 6 days of conditioning at 1.7 V. 
MEA63 and its replicate (Figure 7.52) gave an output of above 600 mA cm-2 at 60 
°C at an applied voltage of  -1.7 V and above 800 mA cm-2 at 80 °C. At 97 °C a 
current density of 993 mA cm-2 at -1.7 V was achieved thus the output of this 
optimized MEA was nearly one Amp cm-2. The water bath temperature could not 
reach 100 °C with the set-up used.  
 
The installation of MEA 63 in the test module was also improved because of better 
isolation between current collectors and clamps using Teflon washers, and a torque 
wrench was used to exactly tighten the set-up.  Since the performance (electrolysis 
reaction) depends mainly on the potential applied between the electrodes, the contact 
between the MEA and the current collector is a crucial junction, which had not 
previously been controlled adequately. To estimate the magnitude of the effect, the 
cell was tightened further after the initial readings were taken and the performance of 
MEA63 was retested. An increase of about twice the performance was noted. At 60 
ºC and 1.7 V the current before and after tightening the cell was 756 and 1204 mA 
cm-2 respectively. This highlights the fact that the pressure applied between the 
current collector blocks of the cell plays a critical part in the reproducibility and the 
performance of the cell. This also indicates that the pressure applied should be the 
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maximum to get the best output. Pressure was best controlled using a torque wrench 
to be kept constant. The tightening of the cell to the correct reading on the torque 
wrench was extremely important to eliminate problems in replicability. Contact 
resistance between the GDL and flow field rib in the current collectors, as well as 
GDL bulk conductivity, is strongly dependent on clamping pressure and represents a 
substantial amount of the total ohmic drop (Freunberger et al., 2006).  Since great 
care was taken to do this tightening exactly the same in the replicate, the slight 
difference for the replicate showed that there were other nuisance variables to 
consider. The output of MEA 63 compared to the replicate showed that the 
reproducibility of the MEA could be influenced by contact issues. The MEA 63 is 
assumed to be somewhat better in performance than the replicate, because of better 
isolation using Teflon washers. The effect of flow rate was previously established up 
to 4.2 mL s-1. A higher flow rate was evaluated with MEA 63 (Figure 7.53) because 
of the high degree of gas evolution that was achieved with the spray coated 
electrodes. 
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Figure 7.53: Effect of water flow on current density for MEA 63 at 1.7 V and 80 °C 
 
A rapid flow rate (setting 50 on the pump) somewhat above 4.2 mL s-1 (setting 40) 
improved the current density output to above 820 mA cm-2 at 1.7 V and 80 °C but 
too rapid a flow (setting 60) led to a decline in performance to levels slightly above 
that observed for 3.47 mL s-1 (setting 30). In MEA 63 the highest outputs obtained 
on previously prepared MEAs was considerably exceeded, and this high current 
density was achieved with less than half the amount of Pt catalyst used previously for 
the cathode during brush painting.  
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One of the problems identified with ink deposition using brush coating was that 
when the catalyst ink was painted on the electrode, while making the anode electrode 
on Bekinit Ti mesh the ink was found to run through the GDL. Another problem was 
replicating the loading of the electrodes using brush coating, where reproducing 
fixed amounts of catalyst was difficult. Changing the ink deposition method to spray 
coating allowed much greater reproducibility of loading and better distribution across 
the electrode. Spray coating the electrodes improved these problems as careful 
control of the mass of each sprayed layer was performed by drying and weighing the 
electrodes between each layer deposited. However, this was a time consuming 
procedure when done manually and as was shown in PIXE studies, the ink 
significantly agglomerated, lowering the catalyst utilization values. 
 
The cell performance increased with time of conditioning, from 1047 mA cm-2 on the 
first day to 1253 mA cm-2 after two days and 1277 mA cm-2 after six days at 80 oC 
and 1.7 V. Moreover it was observed that it took nearly a week of moisturization in 
the cell for stable readings to be obtained on the MEA63 mainly because of the effect 
of moisturization time upon resistance (Figure 7.54).  
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Figure 7.54 Effect of moisturization time on cell resistance at 80 °C and 1.8 V 
 
It is not clear why the output tailed off after 6 days moisturization (Figure 7.54). It 
may be because the water feed was recycled and may have become contaminated and 
perhaps have inactivated the catalyst or else the catalyst was slowly leaching out of 
the MEA during the working cycles.  
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MEA 64 was assembled with the same materials at that of MEA63 but with 
Nafion®115 instead of Nafion®117. The results compared to Nafion®117 are 
tabulated below (Table 7.17) at -1.7 V and a flow rate of 4.2 mL s-1. As expected, 
Nafion®115 was found to perform better than Nafion 117. The comparison between 
Nafion®115 and 117 is shown graphically in Figure 7.55 in which comparison of 
current density (mA cm-2) obtained using Nafion 115 (MEA63) instead of Nafion 
117 (MEA 64) at different temperatures is made. Nafion 117 has a thickness of 178 
µm and Nafion 115 is 127 µm thick.  
 
Table 7.17 Nafion® 117 compared with Nafion®115 at -1.7 V; Flow 4.2 mLs-1. 
Temperature / oC MEA 63 Nafion 117 / mA cm-2 MEA 64 Nafion 115 / mA cm-2 
30 377 404 
60 601 685 
80 805 899 
90 909 986 
  
The cell output was improved by about 10 % merely by using a thinner ionomer 
membrane and thus reducing the cell resistance as is shown in Figure 7.55 and 7.56. 
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Figure 7.55 Comparison of current density 
(mA cm-2) obtained using Nafion 115 
(MEA63) instead of Nafion 117 (MEA 64) 
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Figure 7.56 Comparison of overall cell 
resistance (mΩ) at different 
temperatures using either Nafion 117 
or Nafion 115 as ionomer in 
MEAassembly 
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Comparison of overall cell resistance (mΩ) prior to applying a potential across the 
cell, at different temperatures, using either Nafion®117 or Nafion®115 as ionomer in 
MEA assembly is shown in Figure 7.56. The difference in resistance was more 
pronounced at lower temperatures and overall cell resistance was reduced between 
14 to 8 mΩ by using Nafion®115 instead of the thicker Nafion®117. Another MEA 
was assembled with Nafion®112 membrane, expecting the performance to be better 
than that of Nafion®115. However, preliminary tests showed a direct contact between 
the electrodes (cell resistance of 1.69 mΩ was noted). The reason for this might be 
due to a puncture of the ionomer membrane causing a short circuit. Hot-pressing the 
membrane using previous MEA hot pressing conditions might have perforated the 
membrane. Optimizing the hot pressing conditions for this thin membrane type or 
other similar types may in future make it possible to reduce the cell resistance even 
more, without short circuiting the cell. 
 
The electric cables leading to the power source were changed with that of a low 
resistance copper type cable. The leads were tested for resistance and 1 m of the 
cable used in previous tests (rated 60 V DC; 16 A) had a resistance of 21.20 mΩ m-1 
whereas the new cable used as leads had a resistance of 5 mΩ m-1.  The change in 
current density observed when using either high or low resistance cabling as 
electrical leads between the power source and the cell is shown in Figure 7.57. 
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Figure 7.57 Cell performance using MEA 65 made with Nafion 
115 and tested with low and high resistance leads 
 
 
The cell with MEA 65 was tested at 90 oC and at -1.7 V the current density was 
909.25 mA cm-2 before changing the wires and 1248 mA cm-2 after changing the 
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cables (Figure 7.57). The increase in the current density output is attributed to the 
minimized resistance of the new cables. These results again emphasize the fact that 
cell output was incrementally improved step by step not only by optimizing the 
components used in the assembly but also operational and systemic conditions. This 
improvement was most noticeable at higher applied potentials. The cell was tested 
with low resistant cables at 97 oC and -1.7 V and the current density output was 1329 
mA cm-2, an improvement of over 480 mA cm-2 (38%). This was the highest output 
achieved in this study and is also significantly higher than electrolyzer output 
typically reported in literature. 
 
7.6 CONCLUSIONS 
 
The objective of this study was to fabricate the state of the art of membrane electrode 
assemblies (MEAs), gaining detailed understanding of electrode structure in order to 
get maximum catalyst utilization. Issues of reproducibility for scalability as well as 
durability and stability were addressed. Different types of MEA- preparation 
methods were carried out in search for conditions that would give better catalyst 
utilization. Another objective was to study the effect of catalyst loading on the 
activity of water electrolysis based on the anode electrode where the water oxidation 
takes place. Finally, it was necessary also to study the effect of operational 
parameters such as temperature and water flow rate during water electrolysis. 
 
On the development of membrane electrode assemblies (MEA) various components 
were evaluated for effectiveness as part of a MEA. This was done by using different 
diffusion layers (GDL) and ionomer membranes and testing the activity at similar 
catalyst loading and conditions. Ink formulations and deposition methods were 
varied to improve homogeneity of electrodes and attain even loading. The inks were 
applied either directly onto the membrane or onto different types carbon cloths 
(Lydall) or titanium fibre (Bekinit, thickness 0.1 mm) by a brushing method or spray 
coating method.  
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The cell performance was increased with temperature due to enhancement of 
electrode kinetics, proton transport, and also the conductivity of the membrane. The 
performance was also improved by higher water flow rates due to better removal of 
gaseous product accumulating in the anode and cathode compartments that caused 
blinding of electrodes and increased cell resistances. It also became apparent that 
components provided commercially for fuel cells, such as thin ionomer membranes, 
are not necessarily usefully applied in a solid polymer electrolyte electrolyzer. 
Several of the commercially available components were not beneficial to improving 
cell output and were too heat labile or fragile to withstand the hot pressing conditions 
applied. Moreover, it was highly problematic to achieve adequate replication, due to 
the many different variables that had to be accurately controlled both in the assembly 
and in the operational conditions. Delamination of MEA was a problem which 
required optimization of laminating conditions during hot pressing and pressure, 
temperature, as well as hot pressing time were iteratively improved.  
 
Bekinit Titanium fibre substrate was the most promising anodic GDL and catalyst 
support, compared with GDL such as Lydall carbon cloth (6100-300 and 6100-200), 
Toray carbon cloth (hydrophobic), or with direct deposition methods onto the 
membrane. The cathode loading of 1 mg cm-2 and anode loading of 6 mg cm-2 was 
found to be the optimum loading that could be used for water electrolysis. The 
Nafion®115 membrane proved to be the best ionomer membrane applied in this 
study. High current densities of 1329 mA cm-2  at 97 oC and 1.7 V were achieved 
when the correct choice of components as well as the optimum catalyst loading for 
anode and cathode was made but this was only achieved when the system parameters 
such as high operational temperature, optimum water flow rate, extensive 
moisturization time, correct current collector clamping pressure, proper insulation 
and low resistance electrical leads were implemented. 
 
This study demonstrated that applying highly active electrocatalysts in the MEA is 
not the only factor requiring attention for improving cell output of the SPE 
electrolyzer. Various other factors such as ink formulations and deposition 
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conditions (adding different amounts of proton conductive phase as binder, loading 
different amounts of catalyst), components used (different catalysts or use of 
hydrophobic vs hydrophobic GDL), operational conditions (changing operating 
temperature, or moisturization time), as well as systemic components (such as 
electrical resistivity of leads, proper insulation, adequate water flow paths) may all 
affect the output of the cell.  The multi-variant complexity of assembly, operation 
and testing an SPE electrolyzer makes this a very poor choice as system for testing 
catalyst activity per se or for assessing the quality of electrodes and even the most 
active catalyst will not enhance SPE cell performance unless other parameters are 
adequately addressed. 
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8. OVERALL CONCLUSIONS 
The summary of findings and the overall conclusions of the thesis are 
consolidated in this chapter.  A summary of the contributions that this dissertation 
has made as well as recommendations for future research are then presented. A 
list of the outputs in terms of the peer reviewed publications and other 
presentations of this study are then provided as a citations list. 
 
8.1 SUMMARY OF FINDINGS 
 
South Africa, the main supplier of PGM metal, stands to benefit from 
diversification of Pt containing materials and developed capabilities in the 
emerging hydrogen economy. When hydrogen production cost can be reduced 
and the output increased, a viable hydrogen economy may be realized. An 
overview of the literature showed the necessity for improving electrolyzer 
systems for hydrogen production to facilitate the realization of the hydrogen 
economy. Diverse authors detail what the problems are that limit the large scale 
application of hydrogen from water electrolysis systems, which mainly is related 
to the cost of the components and excessive power consumption of operating 
electrolyzer systems.  
 
The purpose of this study was the development of nanophase noble metal 
electrocatalysts based on high surface area supports and their application in 
composite gas diffusion electrodes, for improving the efficiency of hydrogen 
generation by water electrolysis through reduction of the overvoltage of 
electrolyzer systems. The development of a three dimensional array of active sites 
on electrodes was the main approach as the necessary catalytic activity has to 
date not yet been achieved on a two dimensional planar electrode element. 
Incorporation of nanophase components into electrolyzers required consideration 
of many aspects of assembly for integration into the working system. 
 
Three dimensional macro-, meso- and microporous supports were therefore 
selected or developed as matrixes to stabilize nanophase electro active noble 
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metals in high dispersion and low agglomeration. Microporous zeolites such as 
FAU, mesoporous Si materials such as HMS and MCM-41, newly developed 
conductive mesoporous carbon (OMC), and carbon nanotubes (CNT) were 
explored as supports suitable for stabilizing electro catalytic nanoparticles. The 
characterization of these materials elucidated their porous nature and their 
stability. A CVD technique using LPG as a carbon source, pyrolized upon a 
mesoporous Si matrix, HMS, produced nanostructured ordered mesoporous 
carbon (OMC) with graphitic character after removing the Si matrix. The low 
angle XRD peak, observed for the HMS silica precursor and also the resulting 
OMC analogue of HMS, is a typical feature of mesoporous materials with pores 
in the region of 1-3 nm, and the porosity of the OMC was confirmed by N2 
adsorption and HRTEM. Selected area diffraction established that a crystalline 
graphitic material was formed in agreement with XRD results. This OMC is 
useful as a conductive three dimensional porous matrix for support of catalytic 
nanophase Pt metals.   
 
Processes to incorporate active nanophase Pt metal electrocatalysts into 
microporous FAU, and mesoporous HMS or MCM-41 were developed.  The 
influence of the nature and porosity of the catalyst support upon activity was 
demonstrated with Pt FAU< PtHMS=PtMCM-41 showing the beneficial effect of 
a nanometre sized porous structure compared to an Ångstrom sized porous 
support. Thus the pore size of the host matrix support is a significant parameter in 
preparing supported electrocatalysts.  
 
Methods for preparing active nanophase Pt electrocatalysts on CNT or CNT 
paper substrates were developed. The nano-dimensions of the CNT fibres in the 
CNT paper that could be utilized as a gas diffusion layer, resulted in a material 
with macropores an order of magnitude smaller than the typical commercial 
carbon cloths applied as gas diffusion layers. The CNT paper also showed high 
conductance. Deposition of Pt on CNT paper by a simple galvanic displacement 
technique formed a new, highly conductive and active Pt gas diffusion electrode, 
eliminating the extensive processing required to prepare composite gas diffusion 
electrodes (GDE).  It was found that the reduction potential of the sacrificial 
anode (Al, Fe, Pb foils) did not correlate with Pt deposition rate but bimetallic 
CHAPTER 8 
___________________________________________ 
 364
systems were controlled by deposition time. CNT were also applied to prepare a 
Pt/CNT (propanol) electro catalyst via a wet chemical route using propanol and 
the analysis of its structure showed well dispersed Pt nanoparticles. The new 
electrocatalysts were compared to an industry standard commercial Pt catalyst 
stabilized on Vulcan carbon black for electro activity and in the case of the 
electro catalyst sample Pt/CNT_BP (Pb foil (20 min)) the anodic peak indicating 
the overpotential of hydrogen evolution (-0.68 V)  was similar to the case 
observed in the Pt/CNT (propanol) sample (-0.66 V) and both peaks occurred at 
lower overpotentials than the commercial JM Pt40/C sample (-0.77 V) when 
cycled between -1100 and 1100 V at 50 mV s-1 and sensitivity of 100 µA V-1  in a 
ClLiO4 (Ag/AgCl) system. Thus the use of CNT as support substrate and the Pt 
deposition techniques applied were shown to result in electrocatalysts that could 
reduce the energy requirements of the hydrogen evolution reaction. 
 
Pt-FAU, Au–HMS, Pt-HMS and Pt-MCM were applied as examples of 
processing 3-dimensional supported nanophase materials, with high surface areas 
and high porosity, into supported films to form composite gas diffusion 
electrodes (GDE). Nanoparticles of Sb/SnO were used in preparation of such 
films, as an example of processing non-supported nanophase particulates into 
composite GDE.  It was shown that Pt-FAU, Au–HMS, -HMS and Pt-MCM 
containing electrodes achieved current densities of ~650 mA cm-2 at 60 °C at an 
applied potential of -2V in an alkaline electrolyzer. It was found that nanophase 
Sb/SnO, a non noble nano particulate, could also be applied as electro catalyst for 
hydrogen production. Homogeneous distribution and loadings of nanophases on 
electrode substrates was dependent upon deposition method, substrate type, 
binder type as well as ink formulation. 
 
Optimization of the ink formulation and the ink deposition method using 
screenprinting produced homogeneous and well dispersed layers of 0.001 - 
0.0015 g cm-2 of electro catalyst per unit area of substrate.  Substitution of 
isopropanol with 1,2 propandiol as solvent in inks resulted in an improvement of 
viscosity and viscoelasticity which was tailored by increasing the amount of 
water and solids in the formulation to print quality catalytic films on Nafion® 
substrates. Rheological determination of ink formulations gave good predictive 
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information of the printability of an ink upon paper. The optimum ink 
formulation had a ratio of between 3 - 1 : 1 of 1,2 propandiol : water, a liquid : 
solid ratio of between 6-8 : 1 and a storage modulus (G') of between 84 and 224. 
Reversible viscoelastic behaviour of inks correlated with good print quality. The 
morphology of the film was strongly affected by the ink formulation.  Film 
quality depended upon the polarity and viscosity of the solvent, the printed layer 
thickness, the nature and the surface energy of the substrate. Hence, no matter 
how active the electro catalyst, if the deposition of the film on the GDE substrate 
is substandard, resistance will be high and electro activity low. 
 
A method using of a paper substrate was developed to evaluate the electronic 
characteristics of films separately from the GDL substrate using Variable Field 
Hall measurements. Variable Field Hall measurements showed that the electronic 
characteristics of catalyst containing films could be separately evaluated from the 
substrate by use of the paper substrate method. The addition of a conductive 
fullerene nanophase to films printed upon Nafion® substrates may enhance the 
electron charge transfer. It was found that improving the film characteristics by 
improved ink formulations and print quality reduced the positive Sheet Hall 
Coefficient significantly and promoted n-type rather than p-type carriers. The 
substrate chosen as support for the electrocatalytic film was shown to have a very 
significant effect on the overall performance of the electrode. The difference in 
resistance observed could not be ascribed to catalyst loading only but also to the 
print quality and the conductive pathway created by adjoining clusters of printed 
electro catalyst, which was affected strongly by the ink formulation. CNT based 
Pt containing electrodes were studied and it was found that n-type carrier CNT 
paper with low resistance and high carrier density switched to a p-type carrier 
upon deposition of Pt by galvanic displacement. 
 
Technological optimization of membrane electrode assemblies applicable in a 
solid polymer electrolyte electrolyzer resulted in a current density of 1.33A cm-2 
at 97 oC and -1.7 V. Several of the commercially available components were not 
beneficial to improving cell output. Bekinit Titanium fibre substrate was the most 
promising anodic GDL catalyst support, and hydrophilic Lydall carbon cloth 
(6100-300 and 6100-200) was suitable as cathode GDL. A cathode loading of 1 
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mg cm-2 Pt/C and anode loading of 6 mg cm-2 IrO2 was found to be the optimum 
catalyst loading using commercial catalysts. The Nafion®115 membrane proved 
to be the best ionomer membrane. High output was realized when system 
parameters such as operational temperature, water flow rate, moisturization time, 
current collector clamping pressure, insulation and low resistance electrical leads 
were optimized.  
 
Various factors such as ink formulations and deposition conditions (adding 
different amounts of proton conductive phase as binder, loading different 
amounts of catalyst), components used (different catalysts or use of hydrophobic 
vs hydrophobic GDL), operational conditions (changing operating temperature, 
or moisturization time), as well as systemic components (such as electrical 
resistivity of leads, proper insulation, adequate water flow paths) may all affect 
the output of the SPE electrolyzer cell.   
 
8.2 CONCLUSIONS 
 
High dispersal of nanophase metals in three dimensional substrates enhanced the 
process of water electrolysis. Composite gas diffusion electrode surfaces 
containing nanophases resulted in high activity for hydrogen production because 
of high dispersion, high surface area and enhanced transport of reagents and 
products. Highly dispersed active nano sized Pt, Au, Ir and SnO components 
reduced the over voltage of electro catalytic reactions resulting in overall increase 
in energy efficiency of the processes.  Nanophase electro catalytic materials were 
successfully incorporated into composite gas diffusion electrodes in catalytic 
films and maintained high catalytic activity for hydrogen production and 
achieved high electro- and proton conductivity. This study demonstrated that 
applying highly active electrocatalysts in the MEA is not the only factor requiring 
attention for improving cell output of the SPE electrolyzer. The multi-variant 
complexity of assembly, operation and testing an SPE electrolyzer makes this a 
very poor choice as system for testing catalyst activity per se or for assessing the 
quality of electrodes and even the most active catalyst will not enhance SPE cell 
performance unless other parameters are adequately addressed. 
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8.3 SUMMARY OF CONTRIBUTIONS 
 
In this dissertation the following contributions were made: 
 
CHAPTER 3: 
Demonstrated new route to make graphitic ordered mesoporous carbon that can 
be applied as nanophase metal catalyst support 
 
Developed fabrication route for preparing CNT paper from multiwalled CNT 
 
CHAPTER 4: 
Developed routes to prepare nanophase Pt and Au electrocatalysts based on 
microporous (FAU zeolite) and mesoporous supports (HMS and MCM-41) 
 
Demonstrated preparation and metal reduction procedures for fabricating 
nanophase electrocatalysts that can be easily upgraded to industrial conditions 
 
Developed CVD route using LPG to deposit a conductive layer of carbon on Si 
matrix supported electrocatalysts 
 
Demonstrated proof of concept of new route to use CNT paper as nanophase 
catalyst support by deposition of bimetallic nanophase electrocatalysts using a 
galvanic displacement technique 
 
Demonstrated preparation procedure to directly incorporate the active nanophase 
bimetallic Pt containing particle on CNT paper suited as gas diffusion electrode 
thus eliminating the need for processing of pre-prepared electrocatalysts into 
films for deposition on substrates to form composite electrodes 
 
Pt on CNT paper by a simple galvanic displacement technique formed a new, 
highly conductive and active Pt containing gas diffusion electrode 
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CHAPTER 5: 
Developed processing methodology by sequential deposition for incorporating 
and stabilizing supported or unsupported nanophase electrocatalysts into catalytic 
films as composite gas diffusion electrode materials for alkaline electrolyzer 
systems 
 
Prepared new nanophase containing catalytic ink formulations that can be 
spraycoated for preparation of composite electrodes  
 
Developed nanophase deposition procedures suitable for different substrate types 
to form composite electrodes containing nanophase electrocatalysts 
 
Achieved techniques of electrode preparation incorporating supported nano 
materials for hydrogen production in alkaline electrolyzers 
 
Developed rapid screening technique to screen materials for activity and 
durability in high electrolyte systems 
 
Developed stable and durable nanophase nanophase containing composite gas 
diffusion electrodes capable of high current densities with high hydrogen 
production capacity 
 
Demonstrated the suitability of various nanophase materials, proton and electron 
conductive phases, binders and solvents for composite formation on a variety of 
conductive substrates 
 
Demonstrated the activity of microporous and mesoporous supported 
electrocatalytic nanoparticles in composite format for hydrogen production in 
alkaline electrolyzers 
 
Demonstrated the activity of unsupported SbSnO nanoparticles in composite 
format for hydrogen production in alkaline electrolyzers 
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Fabricated electrodes containing nanophase particulates of Sb/SnO or supported 
electrocatalysts, Pt FAU, Pt MCM-41, Pt HMS or Au HMS composite GDE 
materials prepared with Nafion® as binder, with capability of current densities of 
between 600 and 750 mA cm-2 at 60 °C at an applied potential of -2 V in an 
alkaline electrolyzer. 
 
CHAPTER 6: 
Demonstrated an approach to achieving homogeneity and high dispersion of 
active nanophases in composite format by matching substrate and electro catalyst 
type 
 
Demonstrated method to characterize homogeneity and high dispersion of the 
active metal component in composite gas diffusion electrodes using micro PIXE 
 
Developed new nanophase containing catalytic ink formulations that are printable 
by the screenprinting technique 
 
Developed methodology for direct screen printing of nanophase containing 
catalytic ink upon Nafion or other substrates 
 
Developed screenprinting ink formulations with a ratio of between 3 - 1 : 1 of 1,2 
propandiol:water, a liquid: solid ratio of between 6-8:1 and a storage modulus 
(G') of between 84 and 224. 
 
Demonstrated the application of the Hall measurement technique for 
characterizing the electronic properties of films containing the nanophase 
electrocatalysts 
 
Developed a paper substrate methodic that allowed the electronic characteristics 
of films to be evaluated separately from the substrate using Variable Field Hall 
measurements 
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Developed optimized process conditions for preparation of membrane electrode 
assemblies that are applicable to SPE electrolyzers and regenerative fuel cells 
 
Developed stable and durable membrane electrode assemblies applicable to SPE 
electrolyzers 
 
Demonstrated the role of process variables in the output of an SPE electrolyzer 
and the relative contribution of each variable upon the functionality of the system 
 
Obtained overall increase in energy efficiency of the electrolysis process both in 
alkaline and SPE electrolysis systems 
 
Developed a membrane electrode assembly fabrication process using Bekinit 
Titanium fibre anodic GDL catalyst support, and hydrophilic Lydall carbon cloth 
(6100-300 or 6100-200) cathode GDL with cathode loading of 1mg cm-2 Pt/C and 
anode loading of 6mg cm-2 IrO2  and a Nafion®115 membrane,  that produced a 
current density of 1.33A cm-2 at 97oC and -1.7V 
 
8.4 RECOMMENDATIONS AND FUTURE RESEARCH 
 
Future work in composite preparation by sequential deposition should include the 
following aspects:  
• Investigate other ratios, different loadings and different types of 
nanophase electrocatalysts should be investigated.  
• The lowest required loading of noble metal on supports should be 
determined.  
• The possibility to use nanophase metal oxides such as SnO should be 
further explored.  
• The use of the new mesoporous conductive OMC substrate to support 
metals should be further evaluated and optimized.   
• Binder to conductive phase ratios should be further optimized.  
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• More resilient supports that are also conductive should be sourced and 
used as substrates for hotpressing 
• Other conductive binders should be investigated in spraycoating 
techniques as Nafion® is expensive. 
• Processing techniques would need to be automated to prepare 
reproducible materials in a standardized manner. 
• Processing techniques would need to be automated to prepare 
reproducible materials in a standardized manner.   
• The benefit of higher activity of the newly developed electrocatalysts and 
gas diffusion electrodes should be explored in the SPE electrolyzer 
system. 
• The optimum catalyst type for the O2 evolution anode used in water 
electrolysis based upon bimetallic nanophase metal oxides should be 
explored in the form of physical admixtures with conductive binders 
• Printing technologies such as screen printing or ink jet printing should be 
further explored 
• Standardized fabrication procedures and high throughput screening 
techniques to screen materials for activity and durability. 
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